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INFLUENCE OF PORTAL BLOOD FLOW AND OF PARTIAL 
HEPATECTOMY ON THE GRANULOPECTIC ACTIVITY OF 
THE RETICULO-ENDOTHELIAL SYSTEM 


By B. BENACERRAF, G. BIOZZI, A. CUENDET anp B. N. HALPERN 


From the Laboratory of Experimental Medicine of the Clinique Medicale 
Propédeutique de V Homtal Broussais (Prof. Pasteur Vallery-Radot) and 
Centre National de la Recherche Scientifique, Paris 


(Recewed 25 January 1954) 


In previous studies (Halpern, Benacerraf & Biozzi, 1953; Biozzi, Benacerraf & 
Halpern, 1953) a method was described for investigating in the rat the granu- 
lopectic activity of the reticulo-endothelial system (R.z.s.) by measuring the 
rate of clearance from the blood of carbon particles of known size (about 250A). 
The liver and the spleen were seen to be the main organs engaged in the 
activity when the carbon suspensions were injected intravenously. Within our 
experimental conditions, the clearance of carbon from the blood followed an 
exponential equation C =C,10-*'. The constant, K, of the equation was called 
the granulopectic index (a.1.) and reflects the granulopectic activity of the R.z. 
cells of the animal for a given dose of carbon. The granulopectic index for a _ 
given dose of carbon varied with the cube of the relative weight of the organs, 
liver and spleen, principally involved in the phagocytic activity according to 
the following equation: 


W 
amg 


where W is the weight of the individual animal and W,, the weight of the liver 
and spleen. « was called the ‘corrected granulopectic index’ (c.G.1.) and showed 
much smaller individual variations than the ‘granulopectic index’, K, itself. 

No immediate explanation could be found for the relationship involving the 
cube of the weight of the organs responsible for the phagocytic activity. It 
‘seemed, however, probable that one factor should be the number of cells, a 
value which is directly related to the weight of the organs, and another factor 
the blood flow through the organ which is also directly related to its weight. 
In order to investigate the influence of these two factors upon the granulopectic 


activity of the R.E.s., experiments were performed in which changes in the 
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2 B. BENACERRAF AND OTHERS 


portal blood flow and in the quantity of liver tissue irrigated were carried out 
independently. 

The variations in the granulopectic index, K, the corrected granulopectic 
index, «, and the ratio of body weight to the combined weights of liver and 
spleen, W/W,,, were studied during the hours and days following the operations 
of the experimental procedures to be described. The importance of the portal 
circulation and of the size of the organs for the granulopectic activity have 
been established independently. The direct relationship between the circula- 
tion and the regeneration of the liver has been emphasized; it illustrates the 
direct relationship which exists generally between blood flow and organ size. 


METHODS 
The granulopectic activity of the B.2.8. has been investigated in rate after each of the following 
ures: 


(a) Ligation of the inferior vena cava below the renal veins. 
(6) Ligation of a main branch of the portal vein. 

(c) Partial hepatectomy. 

(2) Removal of the intestine to reduce portal blood flow. 


The experiments were carried out on white male rats weighing 150+ 50 g. The operative pro- 
cedures were performed under light ether anaesthesia. 

in forty All the animals 
recovered after the operation. 

(6) The left main branch of the portal vein which irrigates ianaticiaiatedy 60-70% of the liver 
was ligated in fifty animals, There was a moderate percentage of mortality (about 30%) after this 
procedure. However, the thirty-six animals who survived the first 48 hr after the operation 
usually survived indefinitely. | 

(c) Partial hepatectomy was carried out on forty animals. All the liver tissue irrigated by the 
left branch of the portal vein was removed after ligation of this vein. Over 80% of the animals 
survived this procedure (thirty-three animals), 
To investigate the granulopectic activity of the z.z. cells of the liver and spleen, we have used a 

suspension of carbon (C 11/1431.) specially prepared by Gunther Wagner, Hanover. This 
preparation contained about 100 mg of carbon/ml., suspended in a solution of fish glue with a 
small amount of phenol as preservative. This carbon suspension contained particles homogeneous 
in size (about 250 A), it was very stable in the serum and absolutely non-toxic. This preparation was 
centrifuged at 5000 rev/min for 15 min in order to get rid of the small number of larger particles 
of carbon present in the original preparation. The supernatant was analysed for carbon by weight 
after the carbon had been precipitated by concentrated NaOH and the proteins hydrolysed by 
boiling ; it contained generally about 90 mg carbon/ml, This suspension of carbon was then diluted 
with a solution of gelatin neutralized with ammonia in double-distilled water. A dilution of this 
ink containing 16 mg of carbon/ml. and 1% gelatin was prepared. The suspension was kept at 
about 40° C before injection to avoid solidification of the gelatin. 

At varying time intervals, ranging from 1 hr to 16 days after operation, groups of animals in 
each series received injections of the preparation described above (8 mg carbon/100 g body 
weight). The injections were made in the dorsal vein of the penis in the unanaesthetized rat. The 
rate of clearance of carbon from the blood was investigated for this dose of carbon according to the 
techniques described previously (Biozzi e¢ al. 1958). Blood samples were obtained at regular 
intervals by puncturing the retro-orbital venous plexus (Halpern & Pacaud, 1951) with a fine 
capillary glass pipette previously washed with heparin and calibrated to 0-025 ml. This quantity 
of blood was then lysed in 2 ml. of 0-1% (w/v) Na,CO, and the amount of carbon in the blood 
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determined electrophotometrically using a red filter, This procedure was repeated as many times 
as necessary a8 the animals are not affected by the bleedings. The mean granulopectic index, K, 
was calculated in each case from the equation describing the clearance of carbon from the blood, 
C=C,10-™*. The animals were sacrificed after the experiment; the extent and nature of the 
collateral circulation was investigated at autopsy. The combined weight of the functional liver 
and of the spleen was recorded (W),) and the ratio of the body weight to the weight of the organs 
W/W), was calculated. The mean corrected granulopectic index was calculated in each case from 
the following equation: « = W/W,, /K. The results of these experiments are presented in Figs. 1-3. 
(2) The total removal of the intestine was performed on ten rats. All animals withstood the 
operation well. Two hours later the granulopectic activity of the .2.s. was investigated in these 
animals and in ten control animals of the same origin. These animals were also injected with the 
carbon suspension © 11/1431 a (8 mg carbon/100 g body weight), and the rate of clearance of 
carbon from the blood studied as described above. The carbon concentrations, at the times indi- 
cated in Fig. 4, were recorded as the means of their logarithms. has 


i 1 
5 10 15 
Days 
Fig. 1. Variations of the ulopectic index, K, the ratio of body weight to the combined weight 
of the liver and spleen, W/W ,, and the corrected granulopectic index, o, in the days following 
the ligation of the inferior vena cava in the rat. (1 hr, 6 rate; 2nd day, 5 rats; 4th day, 8 rats; 
7th day, 14 rate; 16th day, 7 rats.) 


RESULTS 
Effect of ligation of the inferior vena cava wpon the granulopectic activity 
of the reticulo-endothelial system 
If the variations of K are examined (Fig. 1), it is seen that shortly after the 
ligation of the inferior vena cava, this index decreases. Then it increases above 


normal values up to the 7th day when it reaches its maximum. The — 
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weight of the liver and spleen increases considerably and progressively up to _ of 
the 16th day. « shows an immediate decrease after the operation, then a pro- Tl 
gressive increase above normal values up to the 7th ssine and at last it returns fu 
to normal around the 16th day. : go 
The values presented are mean values; the increase of granulopectic activity W 
observed on the 7th and 16th day after the ligation of the inferior vena cava in 
vary with each animal. The experimental values of K obtained in fourteen rats re 
on the 7th day were: 0-170, 0-125, 0-110, 0-085, 0-071, 0-140, 0-064, 0-095, om 
0-044, 0-050, 0-044, 0-036, 0-040, 0-096. The mean value recorded in Fig.l was [|  r 
0-083. These variations were observed also ¢ on the 16th day when values of K 
from 0- wn to 0-125 were recorded. 
49-0 
i 
r 
i 


Fig. 2. Variations of the granulopectic index, K, the ratio of body weight to the combined weight 
of the liver and spleen, W/W,,, and the corrected granulopectic index, «, in the days following 
the ligation of the left branch of the portal vein in the rat. (4hr, 7 rats; 16 hr, 7 rats; 
4th day, 6 rats; 7th day, 7 rats; 16th day, 9 rats.) 


_ Effect of ligation of the left main branch of the portal vein upon the 
granulopectic activity of the reticulo-endothelial system 
The data presented in Fig. 2 show that immediately after ligation of the left 
main branch of the portal vein, K decreases considerably. However, the 0.4.1. 
which is the relationship of the granulopectic activity to the combined weights 
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of the irrigated liver and of the spleen increases markedly in the first few hours. 
This increase is due to the fact that much more blood passes through the 
functional liver left than does normally, since all the blood that would normally 
go through the left branch of the portal vein has to go through the right branch. 
Within 4 days, however, the situation has nearly returned to normal, the 
increased blood flow through the remaining functional liver has caused a 
regeneration of the organ. Seven days after the operation, the animals show a 
normal granulopectic activity and normal weights of liver and spleen with 
"respect to body weight. The c.c.1. is then within normal limits. 


ie of partial hepatectomy on the granulopectic activity of the 
reticulo-endothelial system 

These indies are in every way comparable with the previous ones in 
which the left branch of the portal vein was ligated. Both experimental pro- 
cedures affected the same amount of liver tissue. The only difference was that 
in this case the part of the organ remaining without portal circulation was 
removed and was not left to necrose locally. The small differences observed — 
between the results in Figs. 2 and 3 are attributable to that particular change 
in technique. 

It should be mentioned that these experimental procedures, such as ligation 
of the left branch of the portal vein or partial hepatectomy, caused some 
transient portal hypertension and that as a consequence the size of the spleen 
was generally found to be enlarged. 


Effect of decreased portal blood flow upon the granulopectic activity 
of the reticulo-endothelial system 
A total removal of the intestine was carried out. The data in Fig. 4 show that 
_a reduction of portal blood flow through the liver, caused by the removal of the 
intestine, is accompanied by a considerable diminution in the granulopectic 
activity of the liver, although the weight of this organ remains unchanged. 


DISCUSSION 


These series of experiments establish the importance of portal blood flow upon 
the granulopectic activity of the reticulo-endothelial cells of the liver. 

When portal blood flow is decreased, through removal of the intestine with- 
out change in liver size, the granulopectic activity is decreased considerably. 
When portal blood flow is increased, either through the whole liver by ligation 
of the inferior vena cava and formation of a collateral circulation (inferior vena 
cava to portal vein), or through part of the liver by partial hepatectomy or by 
ligation of the left branch of the portal vein, the granulopectic activity is 
much greater than it should be considering only the size of the organs. 7 
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The mechanism by which blood flow affects the phagocytic activity of the 
cells is not known; however, it would seem probable that the increased blood 
flow increases the rate of granulopexy by augmenting the number of particles 
which come into contact with the macrophages per unit of time. In any case 
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Fig. 3. Variations of the granulopectic index, K, the ratio of body weight to the combined weight 
of the liver and spleen, W/W ;,, and the corrected granulopectic index, «, in the days following 
partial hepatectomy in the rat. (4 hr, 6 rats; 3rd day, 7 rats; 7th day, 10 rats; 15th day, 

10 rats.) 


Fig. 4. Effect of total resection of the intestine upon the granulopectic activity of the B.z. 
cells of the liver and spleen in the rat, 


the blood flow which, as we have seen, is in harmony with the size of the organ 
is a factor in the rate of phagocytosis of the liver. The relationship between 
organ size and blood flow can be observed very clearly in these experiments; 
conditions of equilibrium are obtained when the liver has attained a size corre- 
sponding to its new irrigation (Figs. 1-3). 

When the inferior vena cava is ligated there is first a decrease of the granulo- 
pectic activity attributable to the retention of blood below the ligation, and the 
poorer mixing of blood in the general circulation: This condition does not last 
over 24 hr when a collateral circulation, inferior vena cava to portal vein, is 
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established. This is in agreement with the findings of Reynell (1952), who 
induced portal hypertension in the rat by stenosing the portal vein and ob- 
served that the collateral circulation, portal vein to vena cava, is established 
within 24 hr. After 24 hr and until the 7th day, there is an increase of the a.1. 
and of the c.G.1. in particular which can be attributed to the formation of this 
collateral circulation from the inferior vena cava to the portal vein. This 
collateral circulation has been verified at autopsy. This increase in blood flow 
through the liver is associated with an increase in size of the organ as seen in 
Fig. 1. The approximation of the o.¢.1. to normal values in spite of a much 
elevated value of K, at the end of the 16th day, may mean that the liver has 
now attained a size related to the increased blood flow determined by the 
formation of the new collateral circulation. It should be noted that an increase 
in portal blood flow through the liver is followed first by a considerable increase 
of granulopectic activity and only later by an increase in the size of the organ. 
There are individual variations in the increase of granulopectic activity 
after ligation of the inferior vena cava. It is thought that these depend upon 
the relative importance of the new collateral circulation, inferior vena cava to 
portal vein, or to inferior vena cava at a point above the ligature. 
_ Immediately after hepatectomy the granulopectic activity decreases con- 
siderably while «, which reflects the relationship of granulopectic activity to 
organ size, increases, presumably as a result of an increased blood flow through 
the remaining liver fraction. This increase in circulation is associated with a 
proliferation of the remaining liver until an equilibrium is attained around the 
15th day, at which time all the values are within normal limits and the livers 
have regained normal weight. The speed with which the liver is regenerated 
either after partial hepatectomy or after ligation of the left branch of the 
portal vein is very remarkable. Within 1 week the liver size is nearly back to 
normal. This is in agreement with data reported in the literature about liver 
regeneration (Mann, 1927; Himsworth, 1947; Cameron, 1952). Our experiments 
give further proof of the importance of the blood flow in determining com- 
pensatory hypertrophy of the liver. Mann and his co-worker (1922, 1940, 
1943) have observed that regeneration of the liver does not occur in partially 
hepatectomized dogs if the portal vein is constricted. _ | 
The slight differences in the speed of recovery of function and organ size in 
the animals with the left branch of the portal vein ligated or with partial 
hepatectomy may be attributable to an added stimulation to regeneration in 
these animals by substances absorbed from the necrotic tissues. oe 
The data presented show that the functional test of granulopexy can give 
pertinent information about conditions affecting the portal circulation in the 
liver as well as about conditions affecting the phagocytic activity of the macro- 
phages themselves. This test, therefore, can be used as a functional test of liver 
circulation. However, in the interpretation of the results obtained with this 
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method, in studies dealing with experimental liver pathology, extreme care 
should be taken to consider the factors which affect the circulation and the 
macrophages themselves separately. 


SUMMARY 


1. The data ssiimetel indicate that the granulopectic activity of the liver 
and spleen is conditioned by the amount of blood flowing through these organs. 

2. An increase in portal circulation through the liver determined by ligation 
of the inferior vena cava is followed first by an augmented granulopectic activity 
and later by an increase in size of the organ. 

3. A reduction of portal blood flow brought about by the resection of the 
intestine is accompanied by a decrease of the granulopectic activity. 

4. Ligation of the left branch of the portal vein or partial hepatectomy 
affects granulopectic activity in the same way. In both cases there is a de- 
crease of the granulopectic activity, but to a lesser degree than might be ex- 
pected considering the reduced amount of functional liver. The compensatory 
factor is presumably the increased blood flow through the remaining functional 
liver caused by portal hypertension. 

5. The progressive regeneration of the liver parenchyma after hepatectomy 
or after ligation of the left branch of the portal vein is reflected in a progressive 
decrease to normal of the granulopectic activity related to the combined 
weight of liver and spleen. 3 

6. It follows from the data reported that the size of the liver is essentially 
determined by the blood that flows through it. 


REFERENCES 


Brozzi, G., BenacerrarF, B. & B. N. (1953). Quantitative of the granulopectic 
activity of the reticulo-endothelial system. II. A study of the kinetics of the granulopectic 
activity of the R.z.8. in relation to the dose of carbon injected. Relationship between the 
weight of the organs and their activity. Brit. J. exp, Path. 34, 441-457. 

CaMERON, R. C. (1952). Pathology of the Cell, ch. 26. London: Oliver and Boyd. 

Havpern, B. N., Benacerrar, B. & Brozzi, G. (1953). Quantitative study of the granulo 
activity of the reticulo-endothelial system. I. The effect of the ingredients present in 
ink and of substances affecting blood clotting in vivo on the fate of carbon particles ad- 
ministered intravenously in rats, mice and rabbits. Brit. J. exp. Path. 34, 426-440. 

Hapern, B. N. & Pacaun, A. (1951). Technique de prélévement d’échantillons de sang chez les 
petits animaux de laboratoire par ponction du plexus ophthalmique. C.R. Soc. Biol., Paris, 
145, 1465-1466. 

Himswortn, H. P. (1947). Lectures on the Liver and its Diseases, ch. 3. Oxford University Press. 

Mann, . C. (1927). The effects of complete and of partial removal of the liver. Medicine, Baltimore, 

6, 419-423. 
Mann, F. C. (1940). The portal circulation and restoration of the liver after partial removal. 
Surgery, 8, 225-238, 

Many, F. C, (1943). Gastro-intestinal tract and the liver. J. Amer. med. Ass. 121, 720-723. 

Mann, F. C. & Macatu, T. B. (1922), The production of chronic liver insufficiency. Amer. J. 
Physiol. 59, 485-486. 


ReyNELL, P. C. (1952). Portal hypertension in the rat. Brit. J. exp. Path. 383, 19-24. 


. 2 
“3 
<q 
4, 
4 
ve 
a 


J. Physiol. (1955) 128, 9-27 


THE RELEASE OF HISTAMINE AND s5-HYDROXY- 
TRYPTAMINE (SEROTONIN) FROM PLATELETS BY 
ANTIGEN-ANTIBODY REACTIONS (IN VITRO) 


By J. H. HUMPHREY anp R. JAQUES* 
From the National Institute for Medical Research, Mull Hill, London 


(Received 19 July 1954) y 


It has been known for some time that addition of antigen to the heparinized 
blood of sensitized rabbits im vitro usually results in the appearance of con- 
siderable quantities of histamine in the plasma. In his earlier work (1944) 
Code considered that the histamine came from the white cells, but in a recent 
review (Code, 1952) he concluded that, in the rabbit, platelets were probably 
the major source. He also pointed out that a similar release of histamine from 
blood cells into plasma occurred during clotting, as a result of mechanical 
trauma, and on addition of proteolytic enzymes or peptone to the blood. 
McIntire, Roth & Richards (1949), who studied the release of histamine from 
the cells of the blood of rabbits sensitized to egg white, when incubated in the 
presence of the antigen, concluded that neither thrombin nor prothrombin 
were involved, and furthermore found no inhibition even when large amounts 
of trypsin inhibitor were added. © 

Our interest in this phenomenon arose in the course of studies on the effect 
of antigen-antibody reactions on white cells in vitro, during which we observed 
that purified antigen-antibody systems did not cause histamine release from 
the washed buffy layer of rabbit blood unless plasma were also present. Further 
study showed that free calcium ions were essential, and we also observed that, 
besides histamine, 5-hydroxytryptamine (serotonin) was released concomi- 
tantly. A limited survey of the histamine and 5-hydroxytryptamine content 
of the platelets and white cells of various species showed striking inter-species 
variation (Humphrey & Jaques, 1954). In this paper are reported some 
observations on the mechanism of histamine and 5-hydroxytryptamine 
release, which are largely concerned with rabbit blood, although other species 
are considered briefly. A preliminary account has already been published 
(Humphrey & Jaques, 1953). 

* Present address: 15, Ziircherstrasse, Basle, Switzerland. 
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METHODS 


Animals. Inbred strains of albino or sandylop rabbits were used, maintained on pellet diet 
no. 18 (Bruce & Parkes, 1946). Other animals came from inbred stocks of the National Institute 
for Medical Research. 

Antisera, Antisera were prepared in rabbits against the purified capsular polysaccharide of 
pneumococcus type III by one or more, courses of intravenous injections of formalin-killed 
pneumococci, and against 5 times recrystallized ovalbumin by two courses of intravenous injec- 
tions of alum-precipitated hen ovalbumin. From these sera the y-globulin fractions were precipi- 


tated by treatment at 18% and then at 16% (w/v) Na,SO,, in the presence of phosphate buffer 


pH 7-8, I=0-1. The y-globulin fractions, after dialysis against 0-9% NaCl, were stored freeze- 
dried. They are referred to as purified antibodies, although in each case only one-third of the 
material was specifically precipitable with the corresponding antigen. 

Antigens. Purified type III pneumococcus polysaccharide was supplied by Dr P. G. H. Gell 
(Gell, Harington & Rivers, 1946). The hen ovalbumin was recrystallized 5 x by the method of 
Kekwick & Cannan (1936). 

Preparation of buffy layer. Animals were given heparin 2 mg/kg intravenously ssceasialieiaity 
5 min before blood was taken. The blood was collected, avoiding contact with water-wettable 
surfaces, into silicone-treated tubes, immersed in ice. Siliconed or waxed pipettes were used for 
all measurements or manipulations. In most instances, when the plasma was required for the 
experiment, no farther anti-coagulant was added, but when only the platelets were required 
sodium ethy] inetetraacetate (sodium versenate, Bersworth Chemical Company, Framing- 
ham, Mass.) was added to give 0-1 % final concentration. The buffy layer, with some plasma, was 
collected after centrifugation at 2° C for 30 min at 1600 g, and was washed by centrifugation with 
0-85% NaCl solution, followed by the suspending fluid described below. The twice washed buffy 
layers were suspended in this fluid and stored at 2° C. When prepared in this manner, the buffy 
layers could be readily and smoothly suspended, and could be stored for up to 18 hr in the cold 
with less than 10% leakage of histamine from the platelets. Counts of leucocytes and platelets 
were made in a haemocytometer, and the ratio of leucocytes to platelets usually lay between 
1; 200 and 1 ; 500, although in nitrogen mustard-treated animals it was 1 : 2000 to 1 : 10,000. 
Few or no red cells were present. Platelets in whole blood vary quite widely in size, and the 
platelet concentrates showed a similar range, i.e. the separation process did not select larger or 
smaller platelets preferentially. 

Suspending fluid. The composition of the suspending fluid was as follows: 


Tyrode solution 6 parts 
0-8% gelatin 
08% Na acetate 1 part 
0-25% NaCl 


0-157 m-Na phosphate buffer, pH 7-6 1 part 


To each 100 ml. was added 2 mg heparin and 5 mg ascorbic acid. The composition of this fluid was 
based upon that described in a note by Tullis (1951) on preservation of leucocytes. It was used 
somewhat empirically, after it was found that polymorphonuclear leucocytes survived in good 
condition for a week or more when suspended in it at 2°C. For reasons discussed below, when 
Ringer’s solution was substituted for Tyrode in the composition of the suspending fluid, release of 
histamine or serotonin following antigen-antibody reactions did not occur. In our earlier experi- 
ments, however, the reactions, and the washing of the buffy layer, were carried out in unbuffered 
physiological saline or in Ringer’s solution (with added heparin 50 ng/ml.) with essentially similar 
results, although the platelets were sometimes less stable, as judged by tendency to agglutinate 
or slowly to lose histamine into the suspending fluid. 

Blueing reaction in the rabbit's skin. The solutions to be tested were injected intracutaneously 
into the depilated skin of the belly in rabbits which had received 0-6 ml. 5% Pontamine Sky Blue 
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6 BX (G. T, Gurr, London) per kg, intravenously, 15 min before the start of the test. Each solution 
was tested at three different dilutions, and control dilutions of histamine and of antibody were 
included in each test. The injections were distributed in a randomized order. Measurements of 
two diameters at right angles in each blued area, and subjective estimates of the intensity of 
blueing were made ¢ hr later, and then at } hr intervals for 2 hr. 

Assay of histamine and 5-hydroxytryptamine. These were assayed upon the atropinized guinea- 
pig ileum, with and without mepyramine, or upon the rat colon preparation. Details of the assay 
methods, and of the method of releasing histamine and/or 5-hydroxytryptamine which remained 
in the platelets by freezing and thawing, are given in Humphrey & Jaques’s paper (1954). The 
values given refer in each case to the free base. 

In most experiments assays were made not only of the amount of substance released from 
platelets but also of the amount left behind in them, so that a check on the overall recovery was 
available. 

Preparation of plasma and serum. Plasma was obtained from the animals which provided the 
platelet suspensions, and plasma and platelets from a single animal were usually used in any given 
experiment. When pools of plasma and pooled platelets were used, it sometimes occurred that the 
plasma caused unexplained ‘spontaneous’ release of histamine from platelets. It seemed that 
blood group differences might be involved, and consequently the practice of pooling was dis- 
continued. The plasmas were centrifuged in polythene cups at 1600 g for 1-1} hr at 4° C in order © 
to remove platelets as completely as possible. They contained approximately 50. yg heparin/ml. 

Serum was obtained, without heparin and without lysis of platelets, by bleeding from a vaselined 
ear into chilled silicone-treated centrifuge tubes, followed by immediate centrifugation in the cold. 
The supernatant plasma was removed and clotted slowly on warming in a glass vessel. ; 

Calcium-free plasma and serum were prepared by shaking with 0-4 g/ml. of Zeo-Karb 225 H 
(sodium cycle), and removing the resin by centrifugation. 

Experimenial procedure, All glass-ware was treated at 300° C for 14 hr with silicone (DC 200, 
Midland Silicones Ltd., London), The platelet suspension, plasma, antibody solution and any 
other reagents were mixed in centrifuge tubes at 0° C, and the volumes made up to a determined 
value with whatever suspending fluid was used. The tubes were then placed in a water-bath at 
37° C, and after 1 min antigen was added and the tubes shaken gently. Incubation was continued 
for a varying period of time, usually 10-15 min, after which the tubes were cooled to.0° C, and 
centrifuged at 2000 g for 10 min at 4° C. The clear supernatant fluids were removed as completely 
as possible, and the deposits were suspended in a volume equal to the fluid removed. Supernatants 
and deposits were stored frozen until they were assayed. 

It was found that in the presence of serum, histamine was slowly destroyed (see below), even at 

-5° C, and assays were therefore made within a few days of the experiment. When the samples 
had to be kept longer, they were stored at -70°C, at which temperature the histamine was 
stable 


Proteolytic enzyme estimation. When studying proteolytic enzyme(s) in serum, activated by 
various means, we used both 2% denatured haemoglobin (Northrop, 1939) and 1% ether-extracted 
casein (Ratnoff, 1948) as substrates in buffer pH 7-6. In either case, the amounts of non-protein 
tyrosine and tryptophan were estimated in trichloroacetic acid filtrates of reaction mixtures by 
measurement of the absorption at 280 mu with a Unicam spectrophotometer. Proteolytic action 
was evidenced by an increase in the absorption given by samples incubated for 3-10 hr at 37°C 
when compared with the unincubated samples, or with the substrate incubated alone. Neither 
substrate is very readily hydrolysed by plasmin, and clot dissolution would have been @ more 
sensitive indication of plasmin activity. Clot formation, however, was undesirable in the platelet 
experiments, and it seemed best therefore to use a soluble substrate in order to have conditions 
as far as possible comparable. : 

Preparation of anti-platelet sera. Rabbit anti-guinea-pig-platelet sera were prepared by intra- 
venous injection of washed guinea-pig platelets by the method of Bedson ( 1922). Sera were taken 
when a high platelet agglutinating titre was obtained, and were exhaustively absorbed with 
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washed guinea-pig red cells, followed by washed liver, kidney and spleen, and then by washed 
polymorphonuclear leucocytes. The y-globulin fraction was prepared by Na,SO, precipitation as 
above. It contained antibodies specific for guinea-pig platelets, and intraperitoneal injection of 
0-4-0-6 ml./kg resulted in complete disappearance of platelets from the circulation for 4-5 days. 
Other cells in the blood appeared unaffected. 


RESULTS 
Rablit blood systems 

(1) Histaminase in plasma 

When histamine was released from platelets, there was usually a decrease in 
the total histamine present (i.e. free histamine + histamine sedimented with 
platelets) as incubation continued, but not when no release occurred. Tubes 
containing plasma and free histamine, but not tubes containing histamine 
from platelets frozen in the absence of plasma, also showed a gradual fall in 
histamine content when stored at —5° C for more than a week. These observa- 
tions suggested that rabbit plasma contained an active histaminase, which 
could break down released free histamine, but not histamine which was still 
contained in platelets. A few experiments were therefore conducted in which 
known amounts of histamine were incubated with normal plasmas and com- 


pared with similar amounts of histamine incubated with Ringer’s solution or _ 


suspending fluid. The plasmas destroyed added histamine, initially present at 
5 pg/ml., at rates of 2-4 pg/ml./hr at 37° C. Washed platelets and washed 
polymorphonuclear leucocytes did not destroy histamine under similar condi- 
tions, In subsequent experiments, incubation times were therefore usually cut 
short, to 10-15 min, and assays were made as soon as possible after each 
experiment. 


(2) Release of histamine and 5-hydroxytryptamine from platelets in songer 
antibody reactions 

The different factors which influenced the release of histamine and 5-hydroxy- 
tryptamine from platelets affected both substances in the same way. Within 
the experimental error of our assays the proportions of total histamine and of 
total 5-hydroxytryptamine released from platelets in any given tube were 
always the same (e.g. Tables 1 and 2). 

Effect of plasma. Normal plasma was necessary for the release of histamine 
and 5-hydroxytryptamine from platelets incubated with purified antibody 
and antigen. Platelets incubated in the suspending fluid, with or without 
purified antibody, released little histamine or 5-hydroxytryptamine even 
when antigen was added, and a gross antigen-antibody precipitate was formed. 
In the presence of normal plasma, however, there was a progressive release of 
histamine and 5-hydroxytryptamine. The rate of release increased with 
increasing amounts of plasma in the system. Plasma heated at 55°C for 
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30 min was only a quarter as effective. An experiment illustrating this is given 
, in Table 1. It will be observed that some release occurred in plasma in the 
absence of antigen and antibody. The extent of such ‘spontaneous’ release 
varied with different normal plasmas. It was usually small, but sometimes 
considerable, most frequently when pools of platelets and plasmas from 
several rabbits were used. It is possible that some blood group incompatibility 
was involved in certain of these cases of spontaneous release, because we 


TaBiE 1, Effect of plasma on release of histamine and 5-hydroxytryptamine (5-HT) 


Percentage released after 
5 min 30 min 
3 x 10° platelets incubated with Histamine 5-HT Histamine 5-HT 
2 ml. normal plasma 2 | n.d. 10 10 
2 ml. heated plasma : <l n.d, 6 n.d, 
2 ml. normal + Ab+Ag 54 59 72 95 
0-5 ml. normal plasma + Ab + Ag 3 <6 55 57 
0-1 ml. normal plasma + Ab + Ag 3 n.d. 1] 5 
Ab +Ag 3 <5 10 7 
2 ml. heated plasma + Ab + Ag ll 20 34 42 


n.d, =not done; Ab =antibody; Ag=antigen. Total volume, 5 ml.; antibody, 5 mg; antigen, 
0-2 mg; incubation at 37° C in suspending fluid; total histamine in system, 16 yg; total 5-hydroxy- 


tryptamine in system, 50 yg. 
TaB_LE 2. Effect of antibody on release of histamine and 5-hydroxytryptamine (5-HT) 
Percentage released after 
5 min 30 min 
Histamine 5-HT Histamine 5-HT 
2ml, plasma n.d. 10 10 
2 ml. plasma + 13 mg Ab 1 n.d, 6 5 
2 ml, plasma + 10 mg Ab+ Ag 54 59 72 95 
2mil. plaama+3mgAb+Ag ®=-27 n.d. 82 90 
2 ml, plasma +1 mg Ab+Ag 41 n.d, 62 60 


n.d,=not done; Ab=antibody; Ag=antigen. Total volume, 5 ml.; incubation at 37°C in 
suspending fluid; ratio antibody: antigen was 25:1 in each tube in which antigen was added 
(slight antigen excess); total histamine in system, 16 ug; total 5-hydroxytryptamine in system, 
50 yg. 


obtained evidence that plasma from certain rabbits released histamine spon- 
taneously from platelets obtained from some, but not from other rabbits. 
Plasma can, however, be activated by different means to release histamine 
spontaneously from platelets (see p. 17). 

Effect of antibody concentration. In the experiment shown in Table 2, the 
amount of plasma was kept constant and the amount of antibody was varied. 
It will be seen that small amounts of antibody (1 mg) were sufficient to bring 
about release of histamine and 5-hydroxytryptamine in the presence of 
plasma. The threshold amount of antibody required was not determined. In 
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the following experiments the amounts of antibody used in a volume of 
3-5 ml. were 1-5 mg. The two antibodies tested (anti-pneumococcus poly- 
saccharide and anti-ovalbumin) appeared to be equally effective, although no 
exact quantitative comparison was made. 

Effect of calcium. Calcium is necessary for the release of histamine and 
5-hydroxytryptamine from platelets incubated with antibody and antigen in 
the presence of plasma. The need for calcium was discovered accidentally when 
various suspending solutions were used for incubating. Antigen, antibody 
and plasma caused release in heparin-Ringer solutions or in the suspending 
fluid described, containing Tyrode solution and phosphate buffer, but not 


- Taste 3. Effect of calcium on histamine release 


Percentage histamine 
| released after 

3 x 10° platelets with ‘3min 15min 
Saline + Ca” 4 4 
Normal plasma 3 10 
Normal +Ab+Ag 28-5 82 

+ 

Ca”-free plasma +Ca’’ 3 8 
Ca’’-free plasma +Ca” +Ab+ Ag 4 67 


Ab=antibody; Ag—antigen. Total volume, 4 ml; antibody, 6 mg; antigen 0-25 mg in 0-9% 
NaCl; incubated at 37°C in saline; Ca” (as CaCl,) added at 0-25 mg/ml.; total histamine in 
system, 13 pg. 


when the Tyrode solution of the suspending fluid was substituted by Ringer 
solution. It seemed possible that the difference lay in a difference in the con- 
centration of free Ca ions. The calcium content of Ringer solution is half that 
of Tyrode, and the phosphate buffer of the suspending fluid might lower the 
concentration so much that it fell below threshold. This was confirmed because 
when 0-2 mg/ml. Ca” (as CaCl,) was added to the systems containing suspending 
fluid made up with Ringer solution, release of histamine occurred in the usual 
way. We therefore investigated the effect of removal of Ca’’ from plasma with 
an ion exchange resin (Zeo-Karb 225 H, sodium cycle, 0-4 g/ml. plasma). The 
experiment given in Table 3 shows that resin treatment of the plasma in- 
hibited release of histamine in the complete system, and that this inhibition 
was reversed by addition of Ca’. We also tested the effect of some commonly 
used calcium-complexing agents on histamine release. In the presence of 
sodium citrate (0-3%), potassium oxalate (0-25 %) or sodium ethylenediamine- 
tetraacetate (0-1%) no release of histamine was observed from platelets 
incubated with normal plasma plus antigen and antibody. Addition of 
_ sufficient CaCl, to provide about 0-2 mg/ml. free Ca” restored the properties 
of the systems containing oxalate or ethylenediaminetetraacetate but not 
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(in two experiments) citrate. Citrate thus apparently inhibits not only by 
virtue of its Ca-complexing properties. Rocha e Silva (1952) reported a 
similar effect when using citrate to inhibit histamine release by anaphylotoxin 
from the perfused guinea-pig lung. The inhibitory action of citrate was also 
not fully reversed by addition of calcium. : 

Role of clotting and thrombin in release. Whenever clotting occurred for any 
reason during incubation of platelets with plasma, complete release of hista- 
mine and 5-hydroxytryptamine was observed. Furthermore, it looked as 
though the antigen-antibody reaction activated clotting in plasma, because, 
if incubation was prolonged, tubes containing platelets with plasma and 
antigen plus antibody tended eventually to clot, whereas no clotting occurred 
in control tubes in which antigen and antibody were not both present simul- 
taneously. When release occurred in plasma systems the platelets became 
obviously sticky, and adhered to the sides of the tube (even though siliconed) 
or to the antigen-antibody precipitate. Therefore, although gross clotting was 
not essential for release by antigen-antibody reactions, that observation might 
nevertheless suggest a connexion between the release and the initial phases of 
clotting. We found, however, that release occurred also when there was no 
possibility: of clotting, when serum was used instead of plasma. Serum for the 
purpose had to be free from histamine and, so far as possible, from proteolytic 
enzymes. This was achieved by collecting plasma without anticoagulant, or 
with 0-1% ethylenediaminetetraacetate, and removing the great majority of 
platelets by centrifugation at 2° C. The plasmas, recalcified where necessary 
by addition of sufficient CaCl, to give excess of 0:2 mg Ca/ml., were allowed to 
clot spontaneously at 37° C in plain glass or in siliconed tubes. To the sera so 
obtained was added heparin (50 pg/ml.), since in its absence sera release 
histamine and 5-hydroxytryptamine from platelets spontaneously (see below). 
With heparinized sera addition of antibody and antigen caused release in the ~ 
same manner as with heparinized plasmas. Since the sera contained no fibrino- 
gen, it is clear that fibrin formation is not involved in the mechanism of 
histamine release. | 

Although, in the presence of heparin and calcium, serum and plasma were 
comparable, it was observed that in the absence of heparin serum always 
caused rapid release of histamine from platelets. This suggested that thrombin 
might be active in this respect, although thrombin activity probably did not 
account for the effect of antigen-antibody addition. We found, in agreement 
with Zucker (1953), of whose work on the release of 5-hydroxytryptamine from 
platelets we learned during the course of our experiments, that Ca” was 
necessary for activity of serum. We also found that the best samples of purified 
thrombin available (Lederle ‘clotting globulin’) would release from washed 
platelets when present in amounts greater than 0-05-0-1 mg/ml. This release 
occurred in plasma, Ringer’s solution, or the suspending fluid described above, 
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even when 10-40 pg/ml. heparin was added. In physiological saline, without 
added Ca” or heparin, some release occurred at 0-01 mg/ml. 

The interpretation of these results with purified thrombin is made difficult 
by the fact that all the preparations had weak but definite proteolytic activity, 
measured both by digestion of denatured haemoglobin and by lysis of clots 
prepared with bovine fibrinogen (Armour fraction I). However, our observa- 
tions on serum, together with those of Zucker (1953) suggest that thrombin 
releases histamine and 5-hydroxytryptamine from platelets. 

The fact that release resulting from antigen-antibody combination occurs in 
the presence of heparin concentrations sufficient to inhibit the activity of 
serum, indicates that the mechanism of release does not involve thrombin. 
A similar conclusion was drawn by McIntire, et al. (1949). 

The conclusion was strengthened by experiments in which heparinized 
plasma was treated with BaSo, to remove prothrombin as described by Fantl 
& Nance (1947). Plasma so treated released histamine in the presence of anti- 
body and antigen as effectively as did untreated plasma. 


(3) Release of histamine and 5-hydroxytryptamine from platelets by 48/80 
‘thalassine’ and trypsin 

Neither the histamine liberator 48/80 (Burroughs Wellcome and Co.) at 
concentrations of 100-200 yg/ml., nor thalassine (prepared from sea anemones 
according to Richet; see Jaques & Schachter, 1954) at 0-5-2 mg/ml. released 
from platelets incubated with or without plasma, and under conditions in 
which antigen and antibody gave complete release. 

Crystalline. trypsin (prepared according to Northrop, 1939) at a concentra- 
tion of 40 yg/ml. rapidly and completely released histamine from platelets 
suspended in Ringer solution or in suspending fluid. In the presence of 
normal plasmas this action of trypsin was slowed to a variable degree, and in 
certain plasmas (notably from hyperimmunized animals) it was completely 
inhibited. Complete inhibition of trypsin activity by a plasma was associated 
with absence of release by antigen-antibody combination in the same 
plasma. 


(4) Release of histamine and 5-hydroxytryptamine from platelets by activated 
plasmas 

A few plasmas were encountered which released histamine from platelets 
spontaneously without addition of antigen and antibody. This occurred in 
three out of three experiments when plasma was obtained from rabbits which 
had received nitrogen mustard (1-75 mg/kg) 4 days previously, in order to 
deplete their blood of polymorphonuclear leucocytes, and may be related to 
the fact that sera from such rabbits were found to have definite proteolytic 
activity when tested on casein. As mentioned above, spontaneous release was 
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also sometimes observed when pools of platelets and plasmas from several 
normal rabbits were used. Apart from these cases of apparently spontaneous 
activation, plasma can be activated by different means. 

_ There is an obvious resemblance between the activation of plasma to release 
histamine and 5-hydroxytryptamine by antigen-antibody and the activation 
of plasma protease (e.g. Rocha e Silva, 1950; Ungar, 1953), and various sub- 
stances which have been used to activate plasminogen were accordingly tested 
for their ability to activate plasma towards platelets in vitro. Some of the 
treated plasmas were also tested for proteolytic activity on casein or on de- 
natured haemoglobin. | 

(a) Activation by chloroform. Heparinized plasma or serum was shaken 
gently with } vol. of CHCl, (‘Analytical grade’) for 1 min, and centrifuged 
briefly. After varying periods of time (first at room temperature, and then at 
+2°C or —5° C) the supernatant fluid was separated, CHCl, was removed 
from it by evacuation after heating at 37° C for 4 hr, and it was tested on 
platelets or casein, or, in a few instances, on bovine fibrin clots. Control 
samples, not treated with CHCl,, were kept under similar conditions and tested 
in parallel. 

When plasmas or sera were tested within 3 hr of CHCl, treatment the results 
were variable. Three out of five caused minimal or no release of histamine from 
platelets and were inactive on casein or fibrin; two out of five were weakly 
active on platelets (as 20-40% release of histamine in 25 min) and caused slow 
hydrolysis of casein. Two out of two sera kept for 24 hr, and three out of three — 
plasmas kept for 2-4 weeks, after CHCl, treatment released histamine rapidly 
from platelets, and had marked proteolytic activity on fibrin and/or casein. 
These activities were not inhibited by heparin (50 g/ml.) nor by addition of 
sufficient ethylenediaminetetraacetate to remove free Ca’’—thereby standing 
in marked contrast to the releasing activity of untreated serum, which was 
suggested above to be due to thrombin. 

It was observed that CHCl, treatment of ethylenediaminetetraacetate 
plasma, from the same animals under the same conditions, did not result in 
the development of fibrinolytic activity, although thrombin activity appeared 
as evidenced by rapid formation of fibrin and the ability to clot added bovine 
fibrinogen, even in the absence of Ca’. Such chloroform-treated plasma could 
release histamine from platelets, but only when Ca” was added, and this 
activity was presumably due to thrombin. : 

These observations are consistent with the work of Christensen (1947) on 
activation of plasminogen by chloroform, in which he showed that chloroform 
very rapidly inactivates a protease inhibitor present in the plasma, and that 
this is followed by autocatalytic conversion of plasminogen to plasmin. The 
fact that proteolytic activity developed in heparinized rabbit plasma or 
serum, but not (within the same period of time, at least) in plasma containing 

2 PHYSIO. OXXVIII 


aa 
Uy 
uj 
& 
“a 
; 
ia 
ag 
or 


18 J. H. HUMPHREY AND R. JAQUES 


ethylenediaminetetraacetate suggests _ Ca’’ or some other metal ions are _ 


concerned in the activation. 


When precautions were taken to inhibit shine, the correlation between | 


plasmin proteolytic activity and ability to release from platelets was good. 

(b) Activation by agar. Plasma or serum was shaken with agar (Davies, 
New Zealand) 50 mg/ml., and incubated for }-? hr at 37° C. The agar wasthen 
removed by centrifugation, and the plasma or serum tested as above, com- 
pared with control untreated samples, In three out of three plasmas so treated 
histamine-releasing activity developed; two out of two plasmas developed 
proteolytic activity towards denatured haemoglobin; on a separate occasion 
an agar-treated serum failed to digest casein under the conditions of test, but 
_ this serum was not tested for histamine-releasing activity. 

(ce) Activation by kaolin, glycogen, peptone (Witte). Hach of these substances 
(30 mg/ml.) was incubated for ? hr at 37° C with two plasmas, the plasmas 
were centrifuged, and the supernatant fluids were tested on platelets. All 


caused a moderate to marked activation of histamine release by the plasmas. 


No tests were made for proteolytic activity. 

(d) Activation by streptokinase. In four experiments rabbit plasma or 
heparinized serum was treated with 100 Christensen units/ml. streptokinase 
(Streptokinase-streptodornase, Burroughs Wellcome and Co., London) and 
was tested for histamine release from platelets and proteolytic activity on 
casein. In no case was any significant increase of either activity observed 
compared with untreated controls. Since this might have been associated with 
the relative inefficacy of streptokinase in activating rabbit plasminogen as 
compared with human plasminogen, further experiments were made with 
human plasma treated with 100 units streptokinase per ml. Although this 
plasma brought about lysis of a clot formed by addition of thrombin in 3 min 
or less, it released neither histamine from rabbit platelets nor 5-hydroxytryp- 
tamine from human platelets. 


(5) Effect of antibody-antigen reaction on plasma 

If there were a general correlation between proteolytic ackiviey of plasma 
and release of histamine from platelets, it would be expected that plasma in 
which an antigen-antibody reaction had occurred in the absence of platelets 
might be activated in both respects. Ungar & Mist (1949) claim that an antigen- 
antibody reaction does in fact cause a marked increase in the fibrinolytic 
activity of guinea-pig serum. When 2 mg purified antibody to pneumococcus 
type III and 0-1 mg polysaccharide antigen were added per ml. heparinized 
rabbit plasma, and the resultant antigen-antibody precipitate removed by 
centrifugation after $ or 14 hr at 37°C, the effect upon the plasmas was 
variable. When tested for proteolytic activity on haemoglobin or casein six 
out of eight plasmas had none, and two out of eight very slight activity. When 
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tested on platelets only two out of eight plasmas had become activated so as 
to release histamine, although when platelets were present in the mixtures at 
the time of the antigen-antibody reaction regular release of histamine occurred. 

It appears, therefore, either that release from platelets depends upon 
mechanical entanglement in the antigen-antibody precipitate, which is im- 
probable since in the absence of plasma no release takes place, or that the - 
activation of plasma is a transient phenomenon. This question will be referred 
to in the discussion. 

Activity of antibody-antigen treated plasma on skin. We thought it of interest, 
in view of the very marked biological effects of antigen-antibody reactions in 
the skin of the rabbit (Arthus reactions), to test plasmas in which antigen- 
antibody reactions had occurred by intracutaneous injection in rabbits which 
had received intravenous injections of Pontamine Sky Blue (see Methods). 
These plasmas had been incubated for 5-30 min after addition of antigen, and, 
after centrifugation, the supernatants had been stored at —5° C for 3-28 days. 


Plasmas containing histamine caused rapid blueing at the injected site, and 


the diameter of the blued area was approximately that expected from the 
histamine content (see Miles & Miles, 1952). In addition to, and distinct from, 
blueing attributable to histamine, however, all plasmas in which antigen- 
antibody reactions had occurred produced areas of more intense and more 


slowly developing blue, with maximal intensity at about 20-30 min after 


injection. This slowly developing increase in capillary permeability was inde- 
pendent of the presence of platelets in the reaction mixture, and in area and 
intensity it corresponded to the effects of histamine concentrations of the 
order of 3-10 x those resulting from histamine release from the platelets. 

The picture was complicated by the fact that purified antibody (or normal 
rabbit y-globulin) in the concentrations used (2 mg/ml.) by itself caused quite 
a marked slow blueing when injected intracutaneously. However, whole 
plasmas taken from rabbits hyperimmune to pneumococcus type III, which 
had undergone no chemical fractionation, produced little blueing by them- 
selves. They also, after addition of antigen, caused intense blueing. Antigen 
controls were negative. It appears, therefore, that antigen-antibody reaction 
in addition causes some long lasting change in the plasma itself which affects 
its biological properties. The significance of this for the pathogenesis of Arthus 
reactions will be discussed elsewhere. 


(6) Reactions in hyperimmune plasmas : 
When instead of adding purified antibody to normal plasma we used whole 
plasma from hyperimmune rabbits (10-18 mg anti-pneumococcal carbohy- 
drate/ml.) we found that addition of antigen in the presence of platelets did 
not result in release of histamine, despite formation of a copious antigen- 


antibody precipitate. This observation was repeated several times " a 
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hyperimmune plasmas, and since it appeared to contradict our previous 
results we investigated the effect of using these plasmas in place of normal 
plasmas with systems which had been proved active when normal plasma was 
used. We found that when purified rabbit anti-ovalbumin was added to a 
mixture of hyperimmune plasma and platelets, followed by a small excess 
of ovalbumin, no release of histamine resulted. Furthermore, when 40 pg 
crystalline trypsin was added to platelets and hyperimmune plasma there was 
again no release of histamine, although in normal plasma complete release 
occurred under similar conditions. Thus, im vitro, though not necessarily in 
vivo, these hyperimmune plasmas were strongly inhibitory both to trypsin 
and to whatever is formed in activated plasma. As has already been mentioned, 
normal plasma slows down the rate of release of histamine by trypsin from 
platelets in suspending fluid. It seems probable that in the hyperimmune 


TaBiE 4, Release of histamine or 5-hydroxytryptamine (5-HT) from platelets of species other 
than rabbit, in the presence of antibody (Ab) plus antigen (Ag) with or without homologous 
plasma 


Substance No. of 
Species tested experiments Ab+Agalone Ab+Ag+plasma 
Man* Histamine 2 No release Release 
5-HT 1 Release Release 
Dog 5-HT 1 No release Release 
Guinea-pig Histamine 3 No release or Partial release 


| partial release or full release 
* Assays were complicated by release of another active factor causing delayed contraction of 
the gut. The release of 5-HT by Ab + Ag alone from human platelets is unexplained. 


plasmas the inhibition was due to increased levels of trypsin and/or plasmin 
inhibitor, resulting from the prolonged course of immunization. Although 
there is little recorded work on variations of serum inhibitor level in rabbits, 
plasma trypsin inhibitor has been shown to rise in man in various conditions, 
including pneumonia, rheumatic fever and hepatic cirrhosis (Guest, Daly, 
Ware & Seegers, 1945; Todd, 1949). 


(7) Release from platelets in other species 

A few experiments were made to test whether the findings outlined above 
were applicable to other species. In each instance the platelet-rich buffy layer 
was prepared in the same way as the rabbit platelets, and homologous normal 
plasma was used containing approximately 50 yg heparin/ml. The antigen- 
antibody system was the purified rabbit anti-pneumococcus system used in 
most of this work. The results are set out in Table 4. They were less clear-cut 
than in the rabbit experiments, because the amounts of 5-hydroxytryptamine 
_ and/or histamine present in platelets of the species studied were only about 
1/10 those in rabbits (Humphrey & Jaques, 1954). In man, dog and guinea- 
pig, however, there was definite release in homologous plasma with antibody 
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on addition of antigen, although in occasional experiments release also occurred 
in control tubes containing antibody and antigen without plasma. 


(8) Anaphylaais im absence of platelets 

It was of interest to observe whether release of pharmacologically active 
substances from platelets played a significant part in acute anaphylaxis. Since 
passive anaphylaxis can be made quantitative in guinea-pigs (Kabat & Lan- 
dow, 1942), and since specific anti-platelet serum can readily be prepared, we 
compared anaphylaxis in two groups of guinea-pigs, one of which was normal 


and the other of which had no circulating platelets (checked by smears of 


blood from the ear taken through soft paraffin and sodium citrate solution). 
Eight guinea-pigs, weighing 360-450 g, were injected 1.P. with rabbit anti- 

pneumococcus globulins containing 0-22 mg antibody N/kg (~14 minimum 

fatal doses under the conditions of our test). Twenty-four hours later, half 


were injected 1.P. with 0-5 ml. anti-platelet globulins and the other half with 


a corresponding amount of normal rabbit globulins. After a further 24 hr all 
guinea-pigs were shocked by I.v. injection of 0-5 mg type III capsular poly- 
saccharide, given into the marginal vein of the ear. Typical anaphylactic 
death occurred within 44 min in all the animals. The only differences observed 
were that the platelet-depleted animals had multiple petechial haemorrhages 
(which were present before anaphylaxis). There was therefore no evidence that 
platelets contributed to the pathogenesis of anaphylaxis in this species. 


DISCUSSION 


The observation that not only histamine but also 5-hydroxytryptamine is 
released in vitro from platelets when antigen-antibody reactions occur in blood 
is @ logical development of the work of Rocha e Silva (1950), McIntire e al. 
(1949), and Carryer & Code (1950). The mechanism of this release appears to 
be distinct from that by which so-called histamine liberators release large 
amounts of histamine from perfused (and often blood-free) tissues (Feldberg 
& Paton, 1951), and perhaps also from that by which antigen releases histamine 
from the isolated or perfused tissues of sensitized animals (Bartosch, Feldberg 
& Nagel, 1932; Schild, 1939; Feldberg & Schachter, 1952), since in the latter 
there was no evidence for participation of platelets or of plasma. The probable 
existence of various simultaneously activated mechanisms releasing several 
active substances, together with the fairly rapid inactivation of one of them 
(histamine) by plasma, makes any generalization about reactions in vivo 
difficult. Furthermore, the importance of release of active substances from 
platelets relative to release from skin, lung or other tissues will vary markedly 
from species to species, if only because of variation in pharmacological activity 
of platelet contents (Humphrey & Jaques, 1954). It is useful, therefore, to 
confine discussion to phenomena observed in vitro. : 
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The general character of the reaction described suggests an enzymic 
mechanism for release, rather than a mechanical entanglement of the platelets 
followed by disruption. Direct microscopical observation by phase-contrast 
illumination, using silicone-treated slides and cover-slips, at 37° C, did not 
reveal any obvious changes in platelet morphology when antigen solution was 
allowed to mix with a plasma-antibody-platelet mixture, although the platelets 
became sticky and tended to clump. Surface displacement by some newly 
formed histamine liberator is not ruled out, although we obtained no release 
with liberators which had proved active in the rabbit’s skin. McIntire & Roth 
(1950), using normal rabbit whole blood, also obtained no release with diamino- 
decane nor with 1-6: diguanidylhexane, although they did obtain release from 
blood with primary aliphatic amines (e.g. n-octadecylamine) and alkyl-f- 
carbomethoxypyridinium compounds at concentrations of 10-*m. Even if 
surface displacement occurs, however, the origin of the displacing agent 
requires to be explained. 

Despite the finding, in agreement with Zucker (1953), that thrombin causes 
release of histamine and 5-hydroxytryptamine from platelets in the presence 
of Ca” ions, for reasons given above the blood-clotting mechanism does not 
appear to be directly involved in the release brought about by antigen- 
antibody combination—a conclusion reached by McIntire et al. (1949) as 
regards thrombin, prothrombin, thromboplastin and Ac-globulin in whole 
blood. Thrombin and trypsin, both of which are active, are however proteo- 
lytic enzymes. Another proteolytic system in blood which might be involved 
is the system variously termed plasminogen-plasmin, profibrinolysin-fibrino- 


lysin, or more simply plasma protease. There is some evidence that, in man at 
least, more than one proteolytic enzyme is involved (Bidwell, 1953). Many | 


workers have claimed that antigen-antibody reactions, or the addition of 
agents which cause anaphylactoid reactions, result in activation of plasma 
protease both in vivo (e.g. Jobling, 1915; Scroggie, Jaques & Rocha e Silva, 
1947) and im vitro (Ungar & Mist, 1949). Activation in vitro has been denied 
by Jemski, Flick & Stinebring (1953), but since these workers used saline 
buffered with phosphate throughout it is probable that insufficient free Ca’’ 
was present for activation to occur. Our own results show a sufficient correla- 
tion between release from platelets and proteolytic activity to make it very 
probable that a protease acts on platelets, and that its action is independent 
of the presence either of heparin or of a calcium-complexing agent. It is 
tempting to suppose that plasmin activation can explain the release by anti- 
gen-antibody combination, particularly since those hyperimmune plasmas 
which failed to release were shown to have a very marked inhibitory activity 
towards trypsin, an enzyme which, in respect of inhibitors, resembles plasmin 
quite closely. There are, however, a number of observations which do not at 
first sight appear to accord with this supposition. 
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The first is the need for Ca” to be present for release, although plasmin in 
CHCl,-activated serum did not require Ca’; the second is the failure to 
demonstrate clearly either ability to release from platelets or proteolytic 
activity in plasmas pre-treated with antigen and antibody; the third is the 
failure of streptokinase-treated plasmas to release. An explanation of the need 
for Ca’ is suggested by the observation that, in the presence of excess ethylene- 
diaminetetraacetate, plasminogen of rabbit plasma was not activated by 
CHCl. If Ca” is required for the autocatalytic conversion of plasminogen to 
plasmin—as was indeed found to be the case of Ratnoff (1952) with human 
material—its possible role is apparent. Our inability to detect any convincing 
degree of activity in plasmas treated 4-1} hr previously with antigen and 
antibody suggests that any effect must be transitory. Ungar (1953) lays stress 
upon the transitory nature of the appearance of proteolytic activity in immune 
guinea-pig serum after addition of specific antigen or of peptone, and explains 
the disappearance as due to rapid activation followed by relatively slow com- 
bination with a protease inhibitor present in the serum. If similar events 
occur in rabbit plasma, the need for platelets to be present at the time of the 
antigen-antibody reaction would be explained. The observation for which it is 
most difficult to account is the failure of streptokinase-treated plasmas to 
release. McIntire, Roth & Sproull (1952) also found streptokinase incapable 
of causing release from rabbit whole blood, although able to cause clot lysis, 
and consider this to be strong evidence against plasma protease being the 
active factor. In our experiments, the quantity of streptokinase which we 
used (small enough to have no effect on platelets by itself) was insufficient to 
activate plasminogen in rabbit plasma. It was, however, quite sufficient to 
activate human plasminogen, and yet no release occurred with streptokinase- 
treated human plasma. 

Dr E. Bidwell (private communication) has informed us that activation of 
human plasminogen by streptokinase in a partially purified fibrinogen-plas- 
minogen mixture does not appear to be effective before clotting (with thrombin) 
takes place, unless the incubation time is prolonged or the amount of strepto- 
kinase very large. This finding could explain why, when clotting was prevented 
in our system, containing human plasma and streptokinase, no release of 
histamine occurred. 

In sum, the explanation that the in vitro release of histamine and 5-hydroxy- 
tryptamine from platelets results from activation of a protease in plasma by 
the antigen-antibody reaction could be compatible with our findings, although 
it cannot be regarded as proved. This explanation has the merit of possibly 
connecting the phenomenon with one of the best known concomitants of 
antigen-antibody reactions in plasma or serum—namely ‘complement fixa- 
tion’, Recent studies by Levine, Cowan, Osler & Mayer (1953) and by Lepow, 
Pillemer & Ratnoff (1953) have demonstrated that free Ca’’ is essential for 
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complement fixation by antigen-antibody reactions, and for the destruction 
of certain components of complement by plasmin. There is suggestive evidence, 
therefore, for the following sequence of events: antigen-antibody combination 
fixation of some component(s) of complement, followed by activation of 
protease. | 

The biological significance of histamine or 5-hydroxytryptamine release 
from platelets by antigen-antibody reactions is scarcely apparent from the 
experiments described. Although it plays no evident role in acute anaphylaxis 
in the guinea-pig, it is possible that it may be more important in other species, 
e.g. goats, whose platelets contain c. 4 ug 5-hydroxytryptamine/ml. blood, or 
rabbits, which contain c. 4 ug 5-hydroxytryptamine and c. 2-5 wg histamine/ 
ml. blood compared with guinea-pigs which contain only 0-18 and 0-15 pg/ml. 
respectively. Several authors have described the disappearance of platelets, 
white cells, and complement activity from the blood stream in acute anaphy- 
lactic or anaphylactoid shock, and the accumulation of formed elements in the 
liver and/or lungs, which would be sensitive sites for pharmacological action 
(Rocha e Silva, 1950; Stavitsky, Stavitsky & Ecker, 1949). It seems likely, 
however, that the quantities of histamine released from other sites, such as the 
skin and lungs, are the more important in general reactions. If release from 
platelets plays a significant part at-all, its effective actions are more probably 
to be sought in local vascular effects near the site of introduction of antigen. 

We did not investigate further the cause of the blueing reaction produced in 
the skin by local injection of plasmas, in which any antigen-antibody reaction 
had occurred in vitro. In view of our failure to demonstrate persistent proteo- 
lytic activity in these plasmas, activity of this kind cannot be the explanation. 
It is conceivable, however, that active peptides of the leukotaxine type (e.g. 
Spector, 1951) were formed during a transient phase of protease activity, as 
has been discussed above. 


SUMMARY 

1. Addition of antigen to rabbit platelets suspended in heparinized plasma 
which contained antibody was followed by release of histamine and 5-hydroxy- 
tryptamine from the platelets. The two substances were released concomitantly. 

2. The presence of plasma or serum, and of free calcium ions was essential 
for this reaction. Heating the plasma at 56° C for 30 min greatly diminished 
its activity. eee 

3. The mechanism was independent of clotting, although clotting caused 
complete release of histamine and serotonin. There was evidence that thrombin 
caused release from platelets. Its activity was inhibited by heparin or by 
calcium-complexing agents. 

4. Pretreatment of normal rabbit heparinized plasmas with CHCl,, and 
various ‘anaphylotoxins’ (agar, glycogen, kaolin, peptone) conferred on them 
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the property of releasing histamine from platelets. There was a close correla- 


tion between development of proteolytic activity and of reactivity towards 


platelets. 


5. Trypsin caused rapid release from platelets, but its action was inhibited 
by some hyperimmune plasmas. Such plasmas did not become reactive towards 
platelets on addition of antigen. 

6. The histamine liberators 48/80 and ‘thalassine’ did not release lilstethine 
from platelets. 

7. Streptokinase did not activate rabbit nor human plasma to release 
histamine or 5-hydroxytryptamine from homologous platelets, although slot- 
digestion occurred with human plasma. 

8. Rabbit plasmas in which antigen-antibody reactions had occurred did 
not release histamine from platelets nor show proteolytic activity when tested 
+ hr or more later. The activation of plasma towards platelets appears to be 
transient. 

9. Rabbit plasmas in which antigen-antibody reactions had occurred canned 
marked increase in capillary permeability when injected into the rabbit’s skin, 
irrespective of the presence of platelets. 

10. Rabbit plasmas inactivated histamine at rates of 2-4 g/mol. jhr at 
37° C. 

11. Histamine and/or 5-hydroxytryptamine were also liberated from 
homologous platelets by antigen-antibody reactions in human, dog and guinea- 
pig plasmas. 

12. The course of ehaehvincia in guinea-pigs was independent of the 
presence or abserice of platelets. 

13. The mechanism of histamine and 5- hydroxytryptamine seleiuns from 
platelets and its biological importance is discussed. 
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Like many other living cells, nerve and muscle fibres use metabolic energy to 
move sodium and potassium ions against concentration gradients. In 
excitable tissues this process is of particular interest because it is essential for 
building up the concentration differences on which the conduction of impulses 
depends, When a nerve fibre is stimulated it undergoes rapid changes in perme- 
ability which allow first sodium and then potassium to move down concentra- 
tion gradients. The effect of a train of impulses is therefore to raise the sodium 
and to lower the potassium concentration inside the cell. In giant nerve fibres 
from cephalopods the concentration changes are small unless the fibres are 
made to conduct many thousand impulses. Nevertheless, if the fibres are to be 
of permanent use to the animal, they must be equipped with a mechanism for 
reversing the ionic interchange which occurs during the action potential. In 
contrast to the conduction mechanism, where the ions move down pre-existing 
concentration gradients, the recovery process requires a supply of metabolic 
energy, since the ions move from weak to strong solutions. This forced move- 
ment uphill is commonly called active transport. It can conveniently be 
studied with radioactive tracers, and the present paper describes experiments 
in which “Na and **K were used to observe the extrusion of sodium and the 
absorption of potassium by giant axons dissected from squids and cuttlefish. 
It is followed (Hodgkin & Keynes, 1955) by an experimental analysis of the 
passive potassium movements which remain when the secretory — of 
potassium has been inhibited by dinitrophenol. 
Preliminary accounts of the experiments described here were given at a 

meeting of the Physiological Society and at the symposium on active transport 


held by the Society for Experimental Biology (Hodgkin & Keynes, 1953a, b, 
1954). 
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METHODS 
Materials 
Most of the experiments were done with unbranched axons, 160-300 p in diameter and 40-70 mm 
in length, from Sepia officinalis. On a few occasions 60-100 mm lengths of 450-650 » axons from 
Loligo forbest were used ; these have small branches which must be cut at a point well away from 
the main axon. All fibres were carefully cleaned from adherent tissue, and we tried to have at 
least 15 mm of intact axon on each side of the stretch used for measurement. Most fibres were 
stimulated at 50/sec for 5-10 min at the beginning of the experiment. At first this was done in 
order to load the fibres with Na, but eventually the same procedure was adopted in all experi- 
ments, in order to ensure that the recovery process was working under approximately standard 
conditions. 
Measurement of influxes 

The apparatus used to measure the influxes of sodium and potassium was that employed by 
Keynes (19514, fig. 1), The fibre was mounted on a movable assembly so that it could be placed 
above a Geiger counter or swung to one side and dipped into a dish containing **Na or “"K sea 
water. For temperature experiments the dish containing the tracer solution was immersed in 
a water-bath kept near 0° C or at room temperature. The procedures for washing off extracellular 
ions and for calibrating the equipment were those described by Keynes (1951 a). The method was 
quite straightforward when the potassium influx was measured, but when it was used to determine 
the resting sodium entry, there was often difficulty in deciding how much of the observed gain of 
radioactivity was due to intracellular “Na. The values given in this paper were obtained by taking 
counts for about an hour after dipping the fibre in ‘Na sea water. After correcting for the decay 
of the isotope, these results were plotted on a logarithmic scale, and the influx was obtained by 
linear extrapolation from the observations made 20-60 min after removal from the radioactive 
solution, This was done because the shape of the curve for loss of radioactivity, and the effect on 
it of inhibitors, suggested that the continued presence of some extracellular sodium might affect 
the answer during the first 20 min of washing. This time is much longer than would be expected 
from the rate at which fibres become inexcitable in a sodium-free medium, but it seems reasonable 
to suppose that a certain quantity of Na sticks rather tenaciously to the connective tissue. The 
uncertainty caused by extracellular sodium was much less when the “Na was introduced by 
stimulation, since this greatly increased the amount entering the axis cylinder without altering 
the component attributed to sodium in the extracellular space. 

The observed gain of radioactivity was corrected in every case to allow for the slight loss of 
radioactivity occurring during the period of exposure to the radioactive ions (see the procedure 
described by Keynes, 195la, 1954), using an appropriate value for the rate constant of ionic 
exchange, Since this period was invariably short compared with the exchange time constant, the 
correction was usually less than 5%, : 


Loading with *Na or 

Before effluxes could be investigated it was necessary to introduce the radioactive ions into the 
axis cylinder. With sodium the standard method was to stimulate at 50/sec for 5-10 min in about 
3 ml. of an artificial sea water containing 486 mm of Na labelled as *Na. (The mixture of *Na and 
*Na in this solution will be called labelled sodium and designated Na*.) The axon was held at 
either end in forceps and looped in a V under one glass hook, or in a flat U under two hooks. The 
extreme ends of the axon were lifted out of the solution in order to stimulate and record electrically. 
The stimulus was applied between one pair of forceps and an earthed platinum wire in the tracer 
solution, while the action potential was recorded between the other pair of forceps and the 
common earth. The ends of the axon were kept moist by dipping them into the tracer solution 
once every 2 min, or, if it was desirable to keep radioactivity away from the ends, by dipping the 
whole fibre into inactive sea water. 

For experiments with potassium, the fibres were soaked either for 2-4 hr in about 25 ml. of an 


artificial sea water containing 20-7 mm-K labelled as “*K, or for 1-2 hr in one containing 52 mm-K. 
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The temperature was usually kept near 0° C when 52 mm-K was employed; this was not done with 
20°7 mm-K_ because the influx from this solution depends largely on the metabolic activity of the 
fibre, and has a high temperature coefficient (see p. 44). 


Determination of effluxes of radioactive ions 

A. Measurement of total radioactivity of nerve 

The first efflux measurements were made by the method described by Keynes (195la). After 
the axon had been loaded with radioactive ions it was set. up in flowing sea water above a Geiger 
counter. The efflux of labelled ions could then be obtained from the rate at which the radioactivity 
declined with time. This method is convenient if one wishes to compare influxes and effluxes in 
a single experiment, but owing to counting errors it is less accurate than the alternative method of 
collecting the radioactive ions which emerge from the fibre and measuring their radioactivity 


To motor-driven 
syringe, removing 


fluid at 05 or 
03 ml./min 
| | Inflow of sea 
filter pump in ae Capillary tube 10 ml./min 
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Perspex cell 


Fig. 1. Apparatus used for measuring effluxes by the ‘flow method’. The overall eacsicun she 
capillary was 17, 29 or 32 mm. For squid axons its internal diameter was 1 mm; for Sepia 
axons it was 600 p. 


directly. For example, if two consecutive 10 min counts of the fibre are made, and if radioactivity 
is lost at 10 counts/min* out of a total of 10,000 counts/min, the estimate of the rate of loss of 
4/(100,000 + 99,000) 

radioactivity will have a standard error of 10 x10 = 4-46 counts/min*, On the other 
hand, if the effluent radioactivity is scliacted for 10 min and then counted for 10 min, the standard 

error will be a0 = 082 counts/min*, This calculation shows that measurements of the total 
radioactivity in the nerve will not give accurate figures for the efflux unless the observations are 
made over an appreciable fraction of the time constant for the loss of radioactivity. Wien sodjam 


effluxes are investigated, this condition is fairly easy to satisfy, and the method was us 
in the early stages of the work. 


B. Flow method 


shown in Hodgkin & Keynes (1954, fig. 1). After the axon had been loaded with radioactive ions 
it was drawn into a short length of capillary tubing (17, 29 or 32 mm of 600 or 1000 bore were 
employed). Fluid was withdrawn from the side arm at 0-3 or 0-5 ml./min by means of a motor- 
driven syringe. Radioactivity was thus collected from the length of fibre in the tube, but not from 
the ends, which were washed in a stream of inactive sea water flowing at about 10 ml./min. When 
about 6 ml. of fluid had been removed, the collecting tube was taken out of the side arm, and the 
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contents of the syringe were ejected into a test-tube. The polythene connecting tube was removed 
from the syringe, and the small amount of radioactive solution inside it was blown into the test- 
tube containing the rest of the sample. The connecting tube and the syringe were then thoroughly 
washed with sea water. Throughout these operations, which took about 2 min, a stand-by motor- 
driven syringe was sucking fluid from the side arm in order to prevent radioactive ions from 
accumulating in the capillary tube or side ‘arm. 

The radioactivity of the effluent was measured in a liquid counter of conventional design 
(20th Century Electronics, Type M6M). This was washed out between samples by pouring in 
saline with a trace of detergent, and removing the washing fluid through a fine polythene tube 
attached to a suction pump. Three washes were sufficient to remove all traces of radioactivity 
from the counter. The collecting volume of 6 ml. was chosen because it was close to the volume 
for maximum sensitivity. 

When working near the background counting rate of the liquid counter (9-0 counts/min), 
it was necessary to allow for the natural radioactivity of ““K. With the counter employed, a 
1-0 m-KCl solution gave a mean counting rate of 48 counts/min, so that the potassium in sea water 
would raise the background by 0-5 count/min. 

The liquid counter was standardized each week with a solution containing a known amount 
of labelled sodium or potassium. . 


Moist air 


End of axon 
Artificial ---4- 
free from “Na 
Stream of ----fo 
air bubbles Central region of 
axon containing 
WV -----Glass vessel immersed 
Fine glass.—--}--- in water-bath 
tube 


Fig. 2. Apparatus used for measuring effluxes by the ‘static method’. 


C. ‘Static’ method for investigating sodium effluxes 

The flow method had the disadvantage that it used large volumes of solution and that, in the 
form employed by us, it was difficult to reach temperatures below 4° C. Lower temperatures could 
no doubt have been achieved by improving the thermal insulation, but it proved simpler to use 
the method shown diagrammatically in Fig. 2. The axon was looped in a V under a glass tube, 
with its ends held in forceps. It was dipped for periods of about 10 min into small vessels con- 
taining 6 ml, of sea water at any desired temperature. After remaining for 10 min in one vessel, 
the fibre was transferred to another, and the contents of the first one were pipetted into the liquid 
counter. The fluid was stirred by a fine jet of air, and leakage of *Na from the ends was avoided 
by loading radioactivity only into the central part of the axon. During the course of the experi- 
ment “Na must have diffused along the axis cylinder, but this did not matter provided the 
radioactive ions remained in a uniform length of intact nerve. This method was extremely simple, 
but it had the disadvantage that the length of axon from which **Na was collected was not well 
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defined, It was therefore not employed in experiments in which it was important to know the 
absolute magnitude of the sodium efflux. Nor was it used in experiments with “*K, since there 
was a danger that diffusion towards the ends might have given errors as a result of the very large 
potassium leakage occurring near the cut end of a nerve. 


Determination of the efflux in absolute units 

The methods described in the previous sections gave the efflux in terms of the rate at which 
labelled Na or K left the fibre. For many purposes this was all that was required, but it was also 
desirable to be able to convert this figure into the total number of ions leaving unit area of 
membrane in unit time. This required a knowledge of the proportion of labelled ions to the total 
quantity of sodium or potassium in the axoplasm. For Sepia axons the procedure at the end of 
the experiment was to soak the fibre for 10 min in potassium-free choline sea water, measure 
the axon diameter, cut out the central portion, and suspend it on a quartz thread. The quantity of 
“Na or “K in this sample was determined with a Geiger counter, and the total content of 
sodium or potassium was measured by activation analysis (Keynes & Lewis, 1951). With Loligo 
axons the procedure was similar, except that the axoplasm was finally extruded on to a quartz 
thread and weighed, before being counted and analysed. 


TABLE 1, Composition of solutions 


Normal artificial Choline Dextrose 
sea water sea water sea water 
(mg-ions/I.) (mg-ions/1.) (mg-ions/I.) 
Nat 486 — —_ 
K+ 10-4 10-4 10-4 
Cat+ 10-7 10-7 
55-2 55-2 55> 
Cl 567 567 84 
29-2 29-2 29-2 
H,PO,” 
Cholinet — 483 — 
855 
Solutions 


The compositions of some of the solutions used in the experiments are shown in Table 1. For 
the sake of brevity the normal artificial sea water which was our standard medium is referred to 
elsewhere in this paper as ‘sea water’. The pH of all solutions was checked with indicators, and 
was always close to 7. In the potassium-free versions of the solutions, 10-4 mm-KCl was omitted 
and the other constituents were left unchanged. In potassium-rich sea water the amount of NaCl 
was reduced by the amount of extra KCl added. Salt-free isotonic dextrose was a 1-0 molal 
solution (180 g dextrose/kg H,O); on a few occasions 10-7 mm-Ca was added to this. 

As the solutions contained little or no buffer, the inhibitors were carefully neutralized belure 
being added to them. Thus dinitrophenol was first ground up in dilute NaOH to make a neutral 
10 mm solution, and an appropriate volume of this was added to the sea water. 

*Na and “*K samples were treated as described by Keynes (1954), and were used to make up 
radioactive solutions identical in composition with the inactive ones. ° 

Electrical methods 

Action potentials and resting potentials were determined by the following methods: (a) external 
electrodes with axons immersed in oil or air, (b) for Sepia axons, transverse impalement with 0-5 » 
electrodes filled with 3 m-KCl (Ling & Gerard, 1949; Nastuk & Hodgkin, 1950), (c) for Loligo 
axons, longitudinal impalement with 50-100, capillaries filled with isotonic KCl or sea water 
(Hodgkin & Huxley, 1945; Hodgkin & Katz, 1949a). 

At the beginning and end of all tracer experiments the excitability was checked by lifting the 
ends of the axon into air, stimulating between one pair of forceps and an earthed electrode in the 
bath, and recording from the second pair of forceps at the other end of the fibre. 
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RESULTS _ 
Sodium and potassium fluxes in sea water 

During the course of the work we accumulated a number of observations freee 

which the absolute values of the normal fluxes of sodium and potassium could 
be calculated. Most of the measurements were made on Sepia fibres which had 
been stimulated for 5-10 min at 50/sec, and these results are given in Table 2A. 
All the axons were in sea water at the time that the measurements were made, 
but many had been subjected to the action of reversible inhibitors such as 
dinitrophenol or cyanide. Experiments in which there was any sign of loss of — 
excitability in or near the regionstudied have been excluded from the averages. 
This restriction and general improvements in technique probably account for 
both the sodium influx and the potassium efflux being about half as great as 
was found by Keynes (1951 a). 


TaBiEx 2. Ionic fluxes for Sepia axons in artificial sea water | 


8.D.ofeach of No. of 
Quantity Mean value observation mean observations 
A. Sodium and potassium fluxes in axons which have carried 10,000-40,000 — 
measured 0-5-4 hr after stimulation 
Na influx 32 pmole/cm? sec 16 4 14 
Na efflux 39 pmole/cm* sec Il 3 21 
K influx 21 pmole/cm® sec 4 1 14 
K efflux 28 pmole/cm* séc 15 12 
pe [Na] at end 77 m-mole/l. axoplasm 37 8 22 
- of experiment 
Internal [K] at end 267 m-mole/l. axoplasm 52 11 24 
of experiment 
Axon diameter 197 # 31 5 27 
Temperature 18°C 1-6 0-3 26 
B. Potassium fluxes in lightly stimulated axons 
Kinfux pmole/cm! sec 0-6 5 
K efflux cm? sec 5 5 
Internal [K] at end fl. se 19 10 5 
of experiment 
Axon diameter 207 25 13 5 
Temperature 17°C 2-0 1 5 


The results in Table 2B are for axons which had not been stimulated more 
than was necessary to check their excitability. They show that the potassium 
influx was significantly less in lightly stimulated fibres than in those which had 


_ carried a large number of impulses. Individual experiments like those in 


Table 7A suggest that the potassium influx was greatest immediately after 
stimulation, and returned towards its resting level with a time constant of 
2-3 hr. We suspect that the sodium efflux behaves in a similar manner (see 
Table 3), but have not made enough measurements with lightly stimatated 
fibres to substantiate this conclusion. 

Although axons which have been isolated for many hours often have high 


sodium and low potassium contents, our present results do not support the 
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idea that isolated Sepia axons which are kept at room temperature always gain 
sodium steadily as inferred previously (Keynes, 1951a; Keynes & Lewis, 1951). 
In many cases the total internal sodium concentration, determined by analysis 
at the end of the experiment, was less than the internal concentration of 
labelled sodium immediately after stimulation (e.g. Table 3). This indicates 
that isolated fibres are able to recover from stimulation by pumping out the 
sodium which enters during activity. The average sodium concentration in six 
fibres which had not been treated with inhibitors was 43 my, 7 hr after killing 
the animal, and it seems likely that this level can be maintained for consider- 
able periods of time. 


100 
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Efflux of “Na (counts/min per min) 


50 100 150 200 250 
| Minutes 


Fig. 3. Sodium efflux from a Sepia axon during treatment with dinitrophenol. At the beginning 
and end of the experiment the axon was in artificial sea water. Abscissa: time after end of 
stimulation in “Na sea water. Ordinate: rate at which *Na leaves axon. Vertical lines are _ 
+2 Temperature 18° C, 


The effect of metabolic on the effluc 
A. Dinitrophenol 

_ The action of 2:4-dinitrophenol (DNP) on a Sepia axon is shown in Fig. 3. 
This fibre was first stimulated at 156/sec for 4 min in sea water made up with 
*4Na. It was then set up in the apparatus shown in Fig. 1, and samples of the 
fluid drawn past the axon were collected and counted at intervals of about 
12 min. In normal sea water the efflux of labelled sodium declined expo- 
nentially as the *Na which had entered during stimulation was progressively 
eliminated. This exponential decline appears as a straight line in Fig. 3 because 
the ordinate is plotted on a logarithmic scale. When enough counts of the 
normal efflux of “Na had been taken, the sea water flowing past the axon was 
replaced by a similar solution containing 0-2 mm-dinitrophenol. After an 
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in initial delay of about 10 min the efflux began to decline more rapidly, and fell 
l). in an hour to about one-twentieth of the value which it had in the absence of 
i dinitrophenol. This effect was largely reversed by washing the inhibitor away— 

as may be seen from the recovery which took place at the end of the experi- 

_ ment, The inhibitory action of dinitrophenol was observed in every experi- 
ment in which it was tested by this method. Similar results were obtained by 
examining the total radioactivity of the nerve instead of that in the external 
fluid. Such an experiment is illustrated in Fig. 9, where it may be seen that 
the **Na content of the axon remained almost constant after the inhibitor had 
taken effect. Other experiments of this type indicated that inhibition was 
usually complete with 0-1 mm-DNP, but that 0-02 mm had little effect. 

The action of dinitrophenol persisted under all conditions in which the 
sodium efflux from resting axons was observed. Thus the outward movement 
of sodium was inhibited by dinitrophenol both in choline sea water and in an 
isotonic dextrose solution. The effect of dinitrophenol on Loligo fibres was 
very similar to that on Sepia fibres, but the inhibition did not appear to be 
quite as complete, possibly because some sodium was able to escape through 
cut branches in the former case, but not in the latter. The results obtained 
with dinitrophenol and other inhibitors are summarized in Table 4. 

There was no evidence of any recovery from dinitrophenol unless the 
inhibitor was washed away. On one occasion the fall in sodium efflux pro- 
duced by DNP was followed by a rise, but this fibre was inexcitable and had 
a brown patch on it, a sign of gross injury, from which sodium was almost 
certainly escaping passively. | 

In addition to the information presented in Fig. 3, certain quantitative 
results could be obtained from experiments of this type. From the calibration 
of the Geiger counter it was easy to calculate the quantity of labelled sodium 
which corresponded to any given counting rate. In the experiment of Fig. 3, 
1 count/min was equivalent to 6 pmole of the labelled sodium [Na*] in the 
solution used to make the fibre radioactive. The surface area of the membrane 
from which *Na was collected could be worked out from the axon diameter 
and the total length of the collecting tube. These two figures led to a value of 

2 7 pmole/em? sec for the efflux of Na* at the end of the experiment, and to one 

th of 34 pmole/cm? sec at a time 30 min after the end of stimulation. The Na* 

he efflux immediately after stimulation was found by extrapolation to be about 
at 40 pmole/em? sec. At the end of the period in dinitrophenol it was 0-7 pmole/ 

— cm? sec. In order to convert these figures into absolute effluxes it was neces- 

ly sary to know the ratio of [Na*] to total [Na] in the axoplasm at any given 

se moment. This ratio was obtained at the end of the experiment by washing the 

he fibre with potassium-free choline sea water, cutting out the central 22 mm, 

as and drying it on a quartz thread. Labelled sodium was then determined with 

0 a Geiger counter, and total sodium was determined by activation niin 
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(Keynes & Lewis, 1951). These measurements showed that the ratio of Na* to 
total Na was 0-30 at the end of the experiment, the total concentration of 
sodium in the axoplasm being 50 mm. Values for the total sodium at other 
times could be estimated by solving numerically the equations 


and Natt Mout (2) 


where [Na*], and [Na], are the concentrations of labelled and total sodium 
respectively, MN®* and MN® are the corresponding effluxes, a is the fibre 
radius, and M%¢® is the tila: assumed to be constant. The value chosen for 


Taste 3. Analysis of experiment illustrated in Fig. 3. Axon diameter was 184. Between 
t= —4 min and t=0 the axon was stimulated at 156/sec in Na* sea water. From t=0 
onwards the axon was in inactive sea water. 0-2 mm-DNP was added at ¢=104 min and 
removed at 191 min. | 


(3) (4) 


t: time after end efflux efflux 
of stimulation [Na*] a] ! of Na of Na 
(min) (mm) (mm) (pmole/em* sec) (pmole/cm® sec) 
0 72 
20 62 74 37 44 
40 53 67 32 40 
60 45 61 28 38 
80 38 56 24 35 
100 33 51 21 33 
t 140 4 9 
47 3-2 5: 
02 DUE 25 50 11 2.2 
180 25 54 0-74 1-6 
200 24 57 2-9 6-8 
220 23 58 90 23 
240 20 56 9-2 25 
260 18 53 8-15 24 
280 16 51 7:2 23 
293 15 50 — — 
Influx for ¢>0=15-3 pmole/cm!? sec. Sodium efflux per impulse = 10 pmole/cm*. 


Sodium influx per impulse = 15 pmole/cm’. Net entry of sodium per impulse =5 pmole/cm’. 


Method of calculation and assumptions: 

Column (4) is obtained from the experimental curve in Fig. 3. 

Column (2) is obtained by adding the terminal [Na*] to the value obtained by isteioniine 
column (4) over the appropriate time interval. 

In column (8) the first figure (which has little effect on the rest of the table) is taken from 
Keynes & Lewis (1951) and from other analyses of fresh fibres. The second figure is calculated from 
[Na*]=72 mm at ¢=0 and [Na]=40 mm at t= —4, on the assumption that the ratio of influx to 
efflux during the period of stimulation was 1-5 as found by Keynes (1951a). This also gave the 
figures shown at the foot of the table. Subsequent values in column (3) are calculated by equations 
(1) and (2), using an influx of 15-3 pmole/cm? sec 
Column (5) =column (4) x column (3)/column (2). 
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MX® was adjusted by trial and error until the numerical solution made the final 
value of [Na]; equal to that observed experimentally. The initial value of 
[Na], could be obtained without serious error from the initial value of [Na*], 
by the method outlined at the foot of Table 3. 

The results of this somewhat indirect analysis are given in Table 3. They 
show that the total sodium rose from about 40 to 82 mm after 4 min stimulation 
at 156/sec. The total sodium in the axoplasm was then slowly reduced by being 
pumped out faster than it entered. The rate of sodium extrusion declined as 
the internal sodium was reduced, and had a value of 33 pmole/cm? sec at the 
time when DNP was applied. It then fell fairly rapidly to about 1-6 pmole/ 
cm? sec, with the result that the internal sodium concentration rose by about 
7 mm during the period in DNP. The efflux recovered to about 25 pmole/cm?sec 
when the DNP was removed, and the sodium concentration then fell slowly to 
its final value of 50 mm. 


B. Cyamde 

The action of cyanide at concentrations of 1-10 mm was very similar to that 
of dinitrophenol. A typical experiment is illustrated in Fig. 4, while other 
results are summarized in Table 4. A single experiment performed some time 
ago by the less sensitive method of taking counts from the nerve, failed to give 
any effect in an hour (Keynes, 19515), possibly because the temperature was 
only 13° C and the inhibitor was not applied for long enough. 


C. Azide 
Sodium azide acted in a similar way to cyanide and dinitrophenol, but its. 
effect took longer to develop, perhaps because it penetrated the fibre less 


quickly. Only two experiments were done with azide, but both gave very 
similar results. Fig. 5 is taken from the first experiment. 


The effect of metabolic inhibitors on the sodium influx 
The action of DNP on the resting influx of sodium is illustrated by the 
observations summarized in Table 5. These experiments occupied about 6 hr, 
and it is probable that the relatively high values in column c were caused by 
deterioration of the fibre rather than by the removal of DNP. If this supposi- 
tion was correct, the conclusion would be that DNP had little effect on the 


sodium influx. Even if no allowance is made for a change for the worse in the 


condition of the fibre, it is clear that the reduction in influx caused by DNP 
is trivial compared with the effect on the efflux of sodium. 


The effect of metabolic inhibitors on the potassium efflua 
These experiments are summarized in Table 6. They showed that concentra- 
tions of DNP or cyanide which blocked the extrusion of sodium, had relatively 
little effect on the resting outflow of potassium. The experiments suggest that 
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Fig. 4. Sodium efflux from a Sepia axon during treatment with cyanide. — 
about 16°C. Other details as in Fig. 3. 


Tasiz 4. Effect of metabolic inhibitors on sodium efflux 


Axon 
diam, 
Expt. Inhibitor 
1 214 . DNP 
2 196 DNP 
3 184 DNP 
4 170 ‘DNP 
5 165 DNP in choline 
sea water 
6 216 DNP in iso- 
7 1 yani 
8 176 Cyanide 
9 214 Cyanide 
10 181 Azide 
1l 176 Azide 
12 565 DNP 
13 490 DNP 
14 475 Cyanide 
15 Cyanide 


‘Concen- axon to efflux efflux 
- tration normal to half 
(mm) efflux (min) (min) 
A. Sepia axons , 
0-1 <0-15 23 20 
0-2 <0-1 35 28 
0-2 0-06 22 20 
0-2 0-05 24 15 
0-2 0-0-15 
0-2 0-1-0-3 
1 0-06 36 12 
10 0-08 33 40 
10 <01 40 35 | 
3 <0-08 63 23 
3 <0-17 50 14 
B. Loligo axons 
0-2 0-16 14 22 
0-2 0-11 10 20 
2 <0-10 14 — 
2 0-10 15 12 


The < sign means that the inhibitor was not applied for long enough to produce a complete 


effect. 


In Expt. 5 the DNP was made up in choline sea water (see Table 1) containing 1-5 mm-potassium 
phosphate buffer; the effect is given relative to the efflux in sea water. 
In Expt, 6 the DNP was made up in isotonic dextrose containing no salts other than 0-2 mm-Na 
to neutralize it; the effect is given relative to the efflux into the same solution without DNP. 
Expts. 5 and 6 were made by taking counts from the nerve (Method A, p. 30), Expte. 2-4 and 
7-18 by the flow method (B, p. 30), and Expts. 1, 14 and 15 by a method similar to C (p. 31). 


*Na was introduced by stimulation except in Expt. 15, where it was injected (Hodgkin & — 


Keynes, to be published). 
Temperature 15-20° C. 
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Fig. 5. Sodium efflux from a Sepia axon during treatment with azide. Temperature 
16°C. Other details as in Fig. 3. 


5. The effect of dinitropheno! on sodium influx in Sepia axons 
Influxes in pmole/cm* sec 


Axondiam. (a) (b (c) Ja xc) 
(nu) Normal D Normal Mean normal 

1 205 20-6 17-8 20-1 

2 219 . 1:7 13-5 113 9-3 
3 167 15-5 13-2 44-4 26-2 
4 184 24-1 17-2 73-0 42-0 
5 148 16-6 15-0 21-7 19-0 

Mean a 15 34 23 


The concentration of DNP was 0-2 mm except in Expt. 1, where it was 0-1 mm. 
for 5-10 min at 50/sec. 
Temperature 18-20° C. 


Tasxz 6, Effect of inhibitors on potassium efflux (in pmole/om* sec) in Sepia axons 


Ratio 
Normal 0-2 mu-DNP Normal (DNP/normal) 
1-4 
30 67 ‘52 1-6 
18 31 22 16 
38 34 25 ie 
2 mu-CN (CN/normal) 
32 33 29 1-1 


The measurements in the second column were made about 1 hr after applying the inhibitor. 
Temperature 15-18° 
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DNP may increase the efflux of potassium slightly, but it is difficult to be sure 
of this result, since the efflux was highly variable, and the action of DNP had 
to be examined on a somewhat unsteady base-line. 

In the next paper the average efflux of potassium in fibres poisoned with 
DNP is given as 27 pmole/cm? sec (Hodgkin & Keynes, 1955, table 3), which 
is almost the same as the value of 28 pmole/cm? sec for normal fibres (Table 2 
of this paper). The figure for the poisoned fibres is based on averages of 25, 
39 and 18 pmole/cm? sec obtained by different methods. Since the method 
which gave 18 pmole/cm? sec was not used for normal fibres, we regard the 
agreement between the overall means as a coincidence, and attach more weight 
to the experiments in Table 6 where the normal and poisoned fluxes were 
obtained for the same preparation. However, as has been explained above, 
the only certain conclusion is that DNP does not have any large effect on the 
potassium efflux. 


| The effect of inhibitors on the potassium influx 

The most striking results were obtained in those experiments in which DNP 
or cyanide was applied to fibres which were recovering from 5-10 min stimula- 
tion at 50/sec. The figures listed in Table 7A suggest that, in the absence of 
an inhibitor, the potassium influx declined as the effect of stimulation wore 
off—the slow decrease being parallel to the decline in sodium efflux seen 
in Table 3. ‘0-2 mm-Dinitrophenol or 2 mm-cyanide reversibly reduced the 
potassium influx from about 22 to 3 pmole/cm? sec. This reduction cannot be 
attributed to a decrease in permeability to potassium, since the potassium 
efflux remained unchanged or was even increased by DNP. Nor can it be 
caused by a change in resting potential, since this was not appreciably altered 
by DNP (see p. 47). The explanation appears to be that most of the potassium 
influx from. sea water in fibres which are recovering from stimulation is an 
active absorption, and that not more than 3 pmole/cm? sec should be attributed 
to an inward movement through the passive permeability channel. This finding 
was not what we originally expected, for it had previously seemed simpler to 
suppose that the potassium movements in nerve and muscle were largely 
passive, and that potassium ions were drawn into the cell against the con- 
centration gradient by the electrical potential difference arising from the 
extrusion of sodium (Hodgkin, 1951; Keynes, 1951a). Our new results bring 
cephalopod axons into line with mammalian erythrocytes, in which there is 
clear evidence for an active uptake of potassium (see Ponder 1950), and they 
also agree with the conclusion of Shanes (19516) that potassium uptake in 
nerve is active. The evidence which led us to think that the potassium influx 
was passive is examined in detail in the next paper (Hodgkin & Keynes, 1955). 

Expts. 6 and 7 in Table 7B were made with fibres which had not been 
stimulated more than was needed to test their excitability. The action of DNP 
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All axons except 6 and 7 were stimulated for 5-10 min at 50/sec at the beginning of the 
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was still present, but was less marked than with the other fibres, the normal 
influx being lower and the poisoned influx higher than in fibres recovering 
from stimulation. The former difference has already been noticed in connexion 


TaBix 7. The effect of inhibitors on the potassium influx in Sepia axons 


Axon 


diam. 


211 


178 


190 


232 


199 


150 


199 
234 


experiment. 


The concentration of DNP was 0-2 mm throughout; in Expt. 5 the concentration of cyanide 
was 2 mM, 


Tempera- Time after 


20 


18 


18 


18 


19 


16 
16 


Potassium 
influx 
ture stimulation (pmole/ 
(min) em? sec) 
A. Main experiments 
56 27:3 
125 26-0 
203 3-4 
293 22-9 
27 30-4 
109 21-8 
214 2-0 
329 15-2 
68 3-0 
189 22-5 
276 21-2 
123 3-3 
411 2-1 
101 3-0 
224 16-2 
B. Subsidiary experiments 
14-1 
13-3 
71 
14-6 
13-5 
— 14-9 
6-3 
— 18-4 
79 3-1 
183 5-0 
279 3-0 
361 16-8 
432 16-8 
96 2-6 
201 45 
312 3-4 
408 13-3 
70 43 
136 123 
91 3-2 
171 150 


Conditions 


Normal 

Normal 

DNP (43 min pre-treatment) 

Normal (after 60 min recovery) 

Normal 

Normal 

DNP (60 min pre-treatment) 

Normal (after 70 min recovery) 

DNP (68 min pre-treatment) 

Normal (after 70 min recovery) 

Normal 

DNP (60 min pre-treatment) 

DNP (380 min pre-treatment) 

(70 min pre-treatment) 
ormal (after 62 min recovery) 


Normal 

Normal 

DNP (52 min pre-treatment) 
Normal (after 54 min recovery) 


DNP (44 min pre-treatment) 
Normal (after 43 min recovery) 
DNP (63 min pre-treatment) 
DNP in dextrose sea water 

D 


NP 
Normal (after 72 min recovery) 
Normal 


DNP (66 min pre-treatment) 
DNP in dextrose sea water 


DNP 

Normal (after 62 min recovery) 
DNP (54 min pre-treatment) 
DNP with 52 mu-K 

DNP (60 min pre-treatment) 
DNP with 52 mu-K 


Unless otherwise stated the external potassium concentration was 10-4 ma. 


with Table 2, while the latter may indicate a reduced susceptibility to DNP or 
genuine variation in the passive component of the influx between lightly 


and heavily stimulated axons. 
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The object of Expts. 8 and 9 was to see whether the potassium influx in a 
poisoned fibre could be made to recover by removing the external sodium, and 
substituting dextrose for NaCl in the DNP solution. It will be seen that there 
was @ small increase in the influx in the sodium-free solution—possibly due to 
a change in resting potential—but nothing comparable to the increase on 
finally removing the DNP. 

The last two experiments are discussed on p. 45. They show that increasing 
the external potassium concentration from 10-4 to 52 mm for a DNP-poisoned 
fibre caused a 30- or 40-fold increase in the inward movement of potassium. 


Efflux of “Na (counts/min per min) 
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Fig. 6. Effect of temperature on sodium efflux from a Sepia axon. Details as in Fig. 3. 


Temperature and sodium efflua 

The effect of cooling a Sepia axon on the activity of the sodium pump was 
examined by the method described on p. 31. A typical result is shown in 
Fig. 6. After three observations of the efflux had been made at 18° C, the axon 
was immersed in sea water at a temperature of 0-5° C. The efflux fell at once to 
about one-eighteenth of its previous value, and remained low as long as the fibre 
was kept cold. Prompt recovery occurred when the temperature was restored 
to its initial value. A similar but less marked reduction took place when an 
intermediate temperature of 9-8° C was employed. In no case was there any 
sign of a lag in the development of the effect such as that found with metabolic 
inhibitors. 

Table 8A and Fig. 7 summarize the results of all the experiments of this 
type. In Fig. 7 the abscissa is temperature and the ordinate gives the value of 
the efflux relative to that at 19°C. Since a logarithmic scale has been used, 
the points would fall on a straight line if the temperature coefficient were 
constant. Although it is hard to be sure about the exact shape of the curve, 
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there is little doubt that the points are not fitted by a straight line, and that 
the temperature coefficient is greatest near 0° C. There is a marked resemblance 
between these results and the relation reported by Hodgkin & Katz (1949 b) 
for the effect of temperature on the rate of fall of the action potential. This is 


0 
Temperature (°C) 
Fig. 7. Effect of temperature on sodium efflux from Sepia axons. The ordinate is the 
efflux relative to the value at 19° C. 


TaBxe 8. Effect of temperature on effluxes in Sepia axons 
Expt. no. Axon diam. Normaltemp. Test temp. Test efflux 


(°C) (°C) Normal efflux 
A. Sodium efflux 
1 190 18-6 1-7 0-098 
19-2 8-9 0-28 
2 162 19-0 27°8 2-0 
3 176 18-6 0-5 0-056 
19-1 9-8 0-32 
4 199 18-8 26-5 1-79 
19-1 2-0 0-095 
B. Potassium efflux 
5 222 17-0 3-0 0-92 
6 195 17-7 4-0 0°84 


In Expt. 6 the average potassium efflux was 34 pmole/cm! sec at 17-7° C and 29 pmole/cm* sec 
at 4-0° C, Absolute values were not determined in the other experiments. 


probably a coincidence, but a causal connexion cannot be entirely excluded, 
since both the pumping out of sodium and the falling phase of the action 
potential might depend on chemical reactions in which sodium-selective 
molecules are converted into potassium-selective molecules. 
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The effect of cooling on K influx, K efflux and Na influc 
Tables 8B, 9A and 9B summarize the experiments in which the effect of 
temperature on the other three fluxes was examined. They show that the 
uptake of potassium from a solution containing 10-4 mm-K was reduced from 
20 to about 2 pmole/cm? sec when the fibre was cooled from 20 to 1-3° C 
(Q19+3°3). In contrast, the movements down concentration gradients had low 
temperature coefficients, the average Q,,'s being about 1-1 for potassium efflux 


TaBLE 9. Effect of temperature on influxes in Sepia axons 


Axon diam. Temperature Influx 
Expt. no. (°C) (pmole/cm? sec) 
A. Sodium influx from sea water (with 10-4 mu-K) 
1 239 3-0 16-4 ; 
16-2 256 13 
3-0 18-4 
2 266 3-0 10-8 
16-2 162 1-2 
3-0 12-5 
3 231 2-1 13-0 
15-8 25°3 16 
1-5 12:3 
B. Potassium influx from sea water (with 10-4 mm-K) 
4 150 1-4 2-9 
19-7 20-5 2-9 
5 249 19-6 21-6 
1:2 1-6 3-7 
20-4 16-1 
C. Potassium influx from potassium-rich sea water (with 52 mm-K) 
6 206 18-7 221 
1-8 215 1-0 
20-8 193 
7 220 2-6 167 
20-9 163 0-9 
1-2 232 


and 1-4 for sodium influx. This is not altogether surprising, since Hodgkin, 
Huxley & Katz (1952) found that although temperature had a large effect on 
the rate at which the sodium and potassium conductances changed with time, 
it did not have much effect on the maximum sodium or potassium conductance 
associated with a given depolarization. 

These observations are consistent with those recently reported by Shanes 
(1954) for the nerves of Libinia emarginata and Loligo pealit. Here cooling 
increased the total potassium loss associated with each impulse in about 
the proportion calculated by Hodgkin & Huxley (1952), but in Libinia 
reduced the rate of reabsorption of potassium during recovery. A similar 
effect of temperature on the potassium fluxes has been found by Calkins, 
Taylor & Hastings (1954) in rat diaphragm muscle, where cooling to 2° C 
markedly decreased the potassium influx without much change in the efflux. 
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Distinction between active and passive uptake of potassium 

The results described in the previous sections showed that the influx of 
potassium from solutions containing 10-4 mm-K had a high temperature 
coefficient and was greatly reduced by agents which inhibited the sodium 
pump. In these respects it differed from the potassium efflux, which had a low 
Qio and was little affected by DNP or cyanide. It may be concluded that the 
potassium influx from sea water is mainly an active absorption, and that the 
passive component is relatively small. This is only true if the external 
potassium concentration is low. When axons were depolarized by raising the 
external potassium to 52mm, the membrane became much more permeable 


TaBLE 10, Potassium fluxes in Sepia axons with an external potassium 


concentration of 52 mm 
| Value of mean No. of 
Quantity (pmole/cm? sec) (pmole/cm? sec) observations 
K influx, normal _ 160 1] 9 
K efflux, normal 181 ll 9 
K influx in 0-2 mu-DNP 128 9 a, 
K efflux in 0-2 mm-DNP 134 22 4 


Most of the values for unpoisoned axons were obtained in the course of experiments on the 
extent of potassium exchange in Sepia ‘fibres (see Hodgkin & Keynes, 1953c). The remaining 
values in the table are from experiments quoted in other contexts in this paper and the next 
(Hodgkin & Keynes, 1955). Temperature 16-21° C. 


to potassium, and permitted large and roughly equal fluxes to pass in both 
directions. Under these conditions the influx appeared to be largely passive, 
since it had a low temperature coefficient and was little changed by DNP. This 
is demonstrated by the experiments in Table 9C, and by the average results 
in Table 10. The effects of potassium concentration and membrane potential 
on the passive movements of potassium are considered further in the following 
paper (Hodgkin & Keynes, 1955). 


The electrical properties of poisoned axons 

Inhibition of the sodium pump by dinitrophenol or cyanide is not ac- 
companied by loss of excitability, nor are there any marked changes in the 
electrical properties of the fibres. Action potentials could still be obtained 
after many hours of exposure to 0-2 mm-DNP or 1-10 ma-cyanide, and on one 
occasion a Sepia axon 180y in diameter conducted impulses for 70 min at 
50/sec in sea water containing 0-1 mm-DNP. The ability of giant axons to 
conduct impulses at high repetition rates after their recovery mechanism has 
been blocked with DNP is not really surprising. At 50 impulses/sec the rate of 
gain of sodium is much higher than the maximum rate at which the fibre can 
eject sodium, so that it makes little difference whether or not the pump is 
working. In most of our experiments the axons were surrounded by large 
volumes of sea water, so that potassium could not accumulate outside. If the 
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fibre is kept in a small volume, potassium accumulation may cause inexcit- 
ability, as described by Shanes (1951a) in connexion with the effect of anoxia 
on the squid axon, A good example of this was provided by the following 
experiment. A cleaned Sepia axon was set up in oil and stimulated at 6-25/sec 


for 40 min. Under these conditions the spike declined slowly, but there was no — 


block or intermittent failure of conduction. The axon was then treated with 
0:2 mm-DNP for 1 hr, and the experiment was repeated. On this occasion the 
spike declined more rapidly, and block occurred after only 17 min. This was 
probably caused by potassium accumulation in the external fluid, since the 
spike was promptly restored by a dip into a large volume of sea water still | 
containing 0:2 mm-DNP. On repeating the stimulation in oil, the spike again 
declined, and was blocked after 16 min. As before, the block was immediately 
relieved by dipping the fibre into a large volume of DNP sea water. The fibre 
was then allowed to recover in sea water (with no DNP) for 40 min, and was 
again tested in oil at 6-25/sec. It now conducted impulses at the full rate for 
84 min, and continued to conduct with only occasional failures for a further 
period of 36 min, at the end of which time the experiment had to be brought 
to an end. These observations suggest that metabolism helps to keep the 
potassium concentration at a low level in the external fluid, and that potassium 
accumulation may cause block if the recovery processes are inhibited with 


_ dinitrophenol. The time to block agrees well with estimates of the potassium 


leakage. Most, but not all, fibres become inexcitable in a solution containing 
50 mm-K, so that it is reasonable to take this as the external concentration at 
which block occurred. Taking the thickness of the layer of external fluid as 


2p (Weidmann, 1951; Keynes & Lewis, 1951), a blocking time of 17 min would 


correspond to a mean potassium leakage of 47 pmole/cm? sec. This is consistent — 
with a net leakage per impulse of 3-6 pmole/cm? (cf. Keynes & Lewis, 1951), 


- and a resting leakage in DNP of 24 pmole/cm? sec.. 


The lack of any marked effect from 0:2 mm-DNP on the electrical behaviour 
of cephalopod axons is illustrated by Fig. 8, which was obtained with a long 
internal electrode inserted into a 500 axon from Loligo. The only noticeable 
effects were (1) a slight increase in the rate of decline of the spike such as might 
occur if sodium were slowly accumulating inside the axon, and (2) an initial 
rise of about 2 mV in the resting potential, followed by a slow decline. The 
initial increase was not seen in all the experiments, and the overall change in 
potential was too small to be measured satisfactorily. 

There would be definite advantages in repeating this type of experiment on 
Sepia axons, because these have a membrane resistance which is 5 or 10 times 
higher than that of Loligo axons (cf. Weidmann, 1951; Cole & Hodgkin, 1939). 
One would therefore expect any effect of DNP on the resting potential to show 
up better with Sema than with Loligo. Unfortunately, Sepia axons are too 
small for the long-electrode technique to be practicable, and it is necessary to 
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use the less reliable method of impaling transversely with 0-5 electrodes. The 
upshot of some measurements of this kind was that the resting potential in 
four DNP-treated fibres was found to average 62 mV, as against 65 mV in 
three different untreated fibres. This difference in potential was not statistically 
significant. | 

While 0-2: mm-DNP had no obvious effect on excitability, it is possible that 
higher concentrations of the poison may impair the action-potential mechanism. 
Our only evidence on this point is that on one occasion a 1 mm solution blocked 


_ a Sepia axon reversibly in 10 min. This concentration did not block a Loligo 


axon in 30 min, although it reduced the action potential. 
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Fig. 8. Effect of 0-2 mm-DNP on the membrane potentials in a squid axon. The potential of 
a long 100 yu internal electrode was determined at rest: (2), at the crest of the spike (1), and at 
the maximum of the positive phase (3). At the beginning and end of the experiment the 
axon was in normal artificial sea water. Temperature 18° C. The volume of external fluid was 
about 100 ml, 


Sodium movements during electrical activity in DNP-treated axons 
The observations described in the previous section are all consistent with 
the view that metabolic energy is needed for recovery, but not for the condue- 
tion of impulses, which depends on the movements of ions down concentration 
gradients. In order to test this point further, we used *Na to find out whether 
the rapid movements of sodium which accompany electrical activity are 
appreciably affected by inhibiting the sodium pump with dinitrophenol. 


_ Fig. 9 shows the effect of 0-2 mm-DNP on the inward movement of sodium 


during the nerve impulse in a giant axon from Loligo. The fibre was in flowing 
sea water abovea Geiger counter except for short periods when it was dipped into 
sea water made up with *Na. The first dip gave the resting entry of sodium 
and the second the entry during stimulation at 50/sec. Stimulation resulted in 
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a large uptake of labelled sodium, the mean entry of 4Na being about 10 times 
greater than at rest. After each of these dips the radioactivity of the fibre 
gradually declined, showing that labelled sodium was being extruded fromthe 
axon. This was checked when 0:2 mm-DNP was applied, and the counting rate _ 


then became practically constant. After the dinitrophenol had taken effect, the — 
fibre was stimulated in Na sea water containing 0-2 mm-DNP. The inhibitor 


3000 
8 Sea water 
2000 
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Fig. 9. Effect of 0-2 mm-DNP on sodium entry during stimulation of a squid axon. For descrip- 
tion of experimental procedure see text. Resting sodium influx during first immersion in 
**Na sea water was 50 pmole/cm’ sec; other numerical results are given in Table 11. 
Temperature 17° C. 


evidently had little effect on the entry of sodium, because the increase in 
radioactivity was about the same as that observed in the absence of dinitro- 
phenol. A final set of measurements, made when the fibre had recovered from 
being poisoned, established that it was in a steady condition throughout the 
experiment. | 

Fig. 10 shows the effect of DNP on the outward movement of sodium during 
electrical activity. At the beginning of the experiment the fibre was loaded 
with “Na by stimulation at 100/sec for 15 min in radioactive sea water. It was 
then set up in the flow apparatus (Fig. 1), and the *Na leaving the axon was 
collected and counted in the usual way. It will be seen that 0-2 mmu-DNP 
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caused a large reduction in the resting extrusion of sodium, but had little 
effect on the extra efflux associated with the passage of impulses. 

Table 11 gives the results of working out these two experiments. It shows 
that a concentration of dinitrophenol which inhibited the sodium pump had 
no marked action on the rapid movements of sodium during the spike. This 
conclusion was supported by two further experiments which were not worked 
out in detail, but which indicated that the stimulated inflow and outflow of 
sodium in dinitrophenol were 80-90%, of those in normal sea water. 

4000 


4 


Efflux of “Na (counts/min per min) 


Minutes 


Fig. 10. Effect of 0-2 mm-DNP on the sodium efflux from a stimulated squid axon. Ordinate: 
rate at which **Na leaves the axon. Abscissa: time in minutes. The axon was stimulated in 
**Na sea water from t= —47 to t= -32 min. Open circles: axon at rest. Filled circles: 
axon stimulated at 50/sec. At the beginning and end of the experiment the axon was in 
normal artificial sea water. Temperature 18° C. | 


TaBLE 11. Effect of 0-2 mm-DNP on sodium movements during electrical activity of 


axons from Loligo forbes 
Inflow Outflow — Net entry 
(pmole/cm? sec) (pmole/cm? sec) (pmole/cm? sec) 
Normal 12-0 5-9 6-1 
0-2 mm-DNP 10-9 4-6 6-3 
Normal 12-4 5:4 7-0 


The first column was worked out by the method used by Keynes (1951 a) from the experiment 
of Fig. 9, and the second from Fig. 10 by the method used for Table 3. 


The effect of external potassium concentration on the sodium efflux 
Steinbach (1940, 1951, 1952) and later Desmedt (1953) showed that when frog 
muscles are soaked in potassium-free Ringer’s solution they gain sodium and 


lose potassium, and that they are able to extrude some of their internal sodium 
4 PHYSIO. CXXVIII 
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if they are subsequently transferred to potassium-rich Ringer’s solution. — 
Working with tracers, Keynes (1954) found that the sodium efflux from frog 
muscles was reduced in a potassium-free medium and increased in potassium- — 
i rich Ringer. A similar but smaller effect has been noticed in human erythro- 
cytes by Harris & Maizels (1951) and Glynn (1954), and in horse erythrocytes 
: by Shaw (1954). Active transport of sodium through frog skin is also greatly — 
| reduced by removing potassium from the fluid bathing the skin (Ussing, 1954). 


K-free—! 
2 10 - 
a 
i 50 100 150 200 250 300 350 


Minutes 


Fig. 11. Effects of potassium-free sea water and 0-2 mu-DNP on sodium efflux from a Sepia axon. 
When not in a test solution the axon was in artificial sea water containing 10-4 mm-K, 

q A break has been left in the curve at 180 min because the excitability was tested at this point, — 

‘ and the length of the fibre in the tube may have been altered slightly. Temperature 17° C. 


— As shown in Fig. 11 and Table 12. A, Sepia axons behave in the same way. In 
. : potassium-free sea water the sodium efflux is, on the average, reduced to — 
about 0-3 of its normal value, the effect being immediate in contrast to the 
delayed action of inhibitors. The difference in time course between the actions 
of potassium-free and DNP solutions is well illustrated by applying the two 
agents consecutively as in the experiment of Fig. 11. It will be seen that the 
: lag in the development of the potassium-free effect did not exceed 2 or 3 min, 
whereas the DNP effect was still increasing after 70 min and 50% inhibition 


required 35 min. 7 
_ Raising the external potassium above 10-4 mm caused an increase in sodium 
efflux, but not a large one, since the efflux was only about 40% above normal 
4 in a solution containing 52 mm-K. 


i : Since the internal potassium changes only vevy slowly when external 
: potassium is removed, it cannot be argued that the potassium-free effect on 
| sodium efflux is due to a decrease in internal potassium concentration. In 
| absolute units the reduction of sodium efflux on removal of potassium amounted 
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to about 20 pmole/ci? sec, as may be seen from the fully analysed experiments 
in Table 12, The reduction was thus roughly equal to the potassium influx in 
fibres recovering from stimulation (see Table 2). Since most of the uptake of 
potassium under these conditions was removed by agents which inhibited the 
sodium pump, it is not unreasonable to conclude that metabolism drives a 
cycle (Fig. 13) in which one Nat ion is extruded for each K+ ion absorbed, and 
that this cycle can be interrupted by removal of external potassium as well as 
by metabolic inhibitors. A coupled system of this kind could explain all the 
active uptake of potassium, but without making the assumption mentioned on 


TasB.E 12, The effect of external potassium concentration on the sodium fluxes in Sepia axons 


[K} Flux values 
Axon in test (pmole/cm? sec) Ratio 
Experi- diam, Temp. fluid A —, _ flux 
ment (u) (° (mm) Normal Test #|§ Normal Normal flux 
: A. Sodium efflux 
1 196 17 0 28 a 26 0-41 
2 193 18 0 31 8 33 0-25 
193 18 52 _ 33 46 31 1-44 
3 220 17 0 0-19 
199 19 0 —. — — 0-22 
4 201 20 0 — — — 0-57 
20 1 — 0-67 
6 208 20 0 — — —_ 0-21 
7 182 20 0 0-33 
182 20 52 — 1-38 
8 252 20 0 0-21 
Mean, K-free 
Mean, 52 mm-K 1-41 
B. Sodium influx 
9 148 20 0 35 40 57 0-9 
(+10 184 21 0 33 36 27 1-2 


Expts. 1-4 were done by the flow method (B, p. 30). 

Expts. 5-8 were done by determining the rate constant for loss of total radioactivity (A, p. 30). 

In calculating the ratio in the last column, the normal value was always taken as the geometric 
mean of two figures determined before and after the test value. 


p. 56 it does not account for all the sodium extruded, since the sodium efflux 
is greater than the potassium influx, and does not drop to zero when potassium 
is removed from the external medium. 

We have done only two experiments on the effect of removing external 
potassium on the sodium influx. These are summarized in Table 12B, and 
showed no marked change. 


Membrane potential and sodium efflux 
One possible explanation of the effect of applying a potassium-free solution 
18 that it might arise from an increase in resting potential. In potassium-free 
sea water the resting potential of Sepia axons has been found to increase by 
5-10 mV (Hodgkin & Keynes, 1955). It is conceivable, though perhaps not 
very likely, that an increase of 10 mV in the potential gradient egy _— 
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sodium has to be extruded might slow up the transport system enough to give _ 
a threefold reduction in efflux. This possibility was investigated by measuring _ 
the rate at which sodium was extruded from a 6 mm length of Sepra axon whose | 
membrane potential could be raised by anodal polarization. These experiments 
have already been described in sufficient detail in a previous article (Hodgkin | 
& Keynes, 1954). They showed that increasing the membrane potential by | 
10-30 mV did not alter the efflux of sodium by more than 10%. (In ten experi- _ 
ments the average efflux during polarization was 0-99 of normal, the s.r. of the 
mean being 0-04, for an increase in membrane potential averaging 18 mV.) — 
This indicates that the effect of removing external potassium cannot be due to — 
a change in membrane potential. : 

All the experiments with polarizing currents were done in sea water con- — 
taining 10-4 mm-K, and it is possible that an effect of membrane potential on — 
sodium efflux might be observed if the same experiments were repeated with — 
potassium-free solutions. 


External sodium concentration and sodium efflux 


The effect of replacing the sodium in sea water by choline was to increase 
the efflux of sodium by 20-50% (Expts. 5-8, Table 13). The change was | 
relatively larger if potassium was first removed from the external medium — 
(Expts. 1-4), but the absolute difference was probably about the same. Thus 
substitution of choline for external sodium increased the sodium efflux by © 
about one-third of its value in normal sea water both when [K]=10-4 mm and © 
when [K]=0 ma. The action appeared to be immediate, like that of changing © 
the external potassium concentration, and was not delayed as with metabolic — 
inhibitors. This is illustrated in Fig. 12. : 

The experiments in Table 13 seem to rule out the possibility that the out- — 
ward movement of labelled sodium into a potassium-free medium is an — 
exchange of internal for external sodium of the type discussed by Ussing (1949). 
For if it were an ‘exchange diffusion’, removal of sodium as well as potassium 
from sea water should reduce the efflux to zero, instead of increasing it as in 
Table 13. The outward movement of sodium into potassium-free choline sea 
water does not appear to be an exchange with choline, since similar or slightly 
larger effluxes were observed in potassium-free dextrose sea water. Nor can it 
be regarded as a passive leak, since the sodium efflux into choline sea water or 
salt-free sugar solutions was inhibited by dinitrophenol (Table 4). | 

The ability of Sepia axons to extrude sodium into isotonic solutions of 
dextrose means that under these conditions Na* is either exchanging with H+ — 
or moving out with an anion. The former possibility was excluded by measuring 


_ the pH of a small volume of isotonic dextrose solution into which sodium had 


been extruded. This showed no detectable change in pH, although to judge 
from similar experiments with tracers the concentration of sodium in the 


we 
- 
4 
- 
¢ 
q 
| 
3 
5 


ACTIVE TRANSPORT IN NERVE 53 
solution should have reached about 0-5 mm. It follows that sodium ions 


ms extruded into a salt-free solution must be accompanied by anions from the 
a nerve. Owing to the very small quantities involved, chemical analysis of these 
a _ anions is difficult, and we have no evidence as to their identity. 

by TaBLE 13. The effect of external sodium concentration on sodium efflux in Sepia axons 

th Concentrations in mm 

Experi- Axon diam. A _., Efflux in test solution 
V.) ment (1) Test solution K Na Ca Mg _ Efflux in sea water 
to 1 199  K-free sea water 0 486 56 0-22 

K-free choline sea 0 55 0-42 
water 
i 2 208 K-free sea water 0 486 11. 58 0-2 - 
K-free choline sea 0 0-6 
on | water 
3 220 K-free sea water 0 486 11 56 0-19 
ith K-free dextrose 0-82 
sea water j 
4 252 K-free sea water 0 486 1 55 0-2 
K-free dextrose 0 (5k 0-8 
sea water 
5 216 Choline sea water 10 1-35 
ase 6 194 Choline sea water 10 Oc 25 ae 1-23 
7 159 Choline sea water 10 Shan: & 1-4 
was 8 181 Choline sea water 10 15 
um 9 202 Isotonic dextrose 0 0 0 0 (09 
10 216 --  Isotonic dextrose 0 0 til 0 0-9 
hus plus calcium : 
by Expts. 1, 3, 5 and 6 were done by the flow method (B, p. 30), the remainder by the less accurate 
and | method of determining the rate constant for loss of total radioactivity (A, p. 30). 
‘ing | The efflux in sea water was taken as the geometric mean of determinations made in normal sea 
oli water at the beginning and end of each experiment. 
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\dge Fig. 12. Effect of  sodium-free solution (choline sea water) on the sodium efflux from a Sepia 
the axon, When not in choline the axon was in sea water containing 486 mM-Na (see Table 1). 
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- Axons which had been kept for long periods in pure dextrose solutions 
always became irreversibly inexcitable, whereas those kept in dextrose plus 
10-7 m-Ca recovered their excitability when sodium ions were restored to — 
the external medium. Since there was no marked difference in the sodium 

efflux under the two conditions, it appears that the action potential mechanism 


can be irreversibly damaged without greatly affecting the sodium pump. 


DISCUSSION 


The distinction between active and passive 
the nerve membrane 


The main conclusion from our experiments can be summarized with the help 

of the diagram shown in Fig. 13. In this scheme, the sodium and potassium 
concentration differences are built up during recovery by a cyclical process — 
which absorbs potassium and extrudes sodium against the electrochemical 
potential gradient. (The broken arrow allows for the fact that the amount of 
sodium extruded exceeds the amount of potassium absorbed.) In parallel with 
this system are the channels which allow sodium and potassium ions to move 
passively through the membrane under the influence of electrochemical — 


Inside 
Low [Na] 
High [K] 


Fig. 13. und recovery 


potential differences. Normally these channels only allow a trickle of ions to 
leak through the membrane, but they open up when the membrane is de- 
polarized, and large ionic movements then take place. These generate the 
action potential, and the fibre pays for it by an accumulation of sodium and 
loss of potassium. 
These two mechanisms for active and passive transport of ions through the 
membrane are entirely different in their properties, and it is possible to differ- 
entiate between them in a number of ways. Thus the secretory movements 
have high temperature coefficients, are inhibited by dinitrophenol, and are 
unaltered by increases in membrane potential. Passive movements, on the 
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other hand, have low temperature coefficients, and are little affected by 
dinitrophenol, but vary greatly with membrane potential. Another distinction 
is that the maximum rate at which the secretory mechanism can move ions is 
about 50 pmole/cm? sec, whereas the spike mechanism allows peak movements 
of the order of 10,000 pmole/cm? sec (Hodgkin et.al. 1952). 


| Dissociation of spike and recovery mechanisms 

Among the mechanisms proposed for the action potential, one tentative 
suggestion discussed by Grundfest (1950) is that the net inward movement of 
sodium during the spike might arise from a transient inhibition of the process 
which normally extrudes sodium. In addition to the difficulties mentioned by 
Katz (1952), this hypothesis now has to meet the objection that axons in which 
the pump has been completely inhibited with dinitrophenol or cyanide are 
nevertheless capable of conducting normal action potentials. These observa- 
tions seem to exclude the pump from direct participation in the spike, but raise 
no difficulty if one assumes that the latter arises from increases in permeability 
which allow sodium and potassium ions to move down concentration gradients. 

It is tempting to go further, and assume that the spike and recovery 
mechanisms are separate systems as indicated in Fig. 13. A scheme of this 
kind is consistent with our experiments, but is not a necessary consequence of 
them. Thus one might imagine that the same carrier molecules were involved 
both in spike and recovery, and that these would still allow downhill but not 
uphill movements after the supply of metabolic energy had been cut off. 
A possible connexion between the spike and pump mechanisms is suggested by 
the similar action of temperature on the rate of repolarization during the spike 
and on the rate at which sodium and potassium are transported during 
recovery. However, the time scales of these two processes are so different that 


a causal connexion between them does not seem very likely. In all other 


respects our experiments are more simply explained by assuming separate 
systems for spike and recovery. 


The linkage between sodium extrusion and potassium absorption 

The idea of a coupled system which ejects sodium from the axon on one 
limb of a cycle, and absorbs potassium on the other, receives strong support 
from our experiments. Thus if the potassium influx is abolished by removing 
external potassium, the sodium efflux drops by an amount roughly equal to 
the original potassium influx. There is also evidence that most of the uptake 
of potassium by fibres recovering from stimulation is not a passive movement, 
but is an active one requiring a supply of energy. Thus cooling to 1” C, or 
agents like DNP and cyanide, which greatly reduce the sodium efflux, also 
remove most of the potassium influx. The fact that the potassium influx and 
probably the sodium efflux increase after a period of stimulation, and then 


3 
ns q 
vie 
é 
5 
“4 
al 
‘ 
of q 
‘ 
ia 
4 
j 
iw 
. 
the 
nd q 
¥ 
ants 
are 
the q 
va 
. 


56 A. L. HODGKIN AND R. D. KEYNES 


slowly return towards their resting values, may have a simple explanation in 
terms of a coupled pump. For it seems possible that both effects, and perhaps 
an increase in metabolism as well, may arise from the increase in internal 
sodium concentration associated with stimulation. 

A coupled system which absorbed one K+ for each Na+ ejected would be 
electrically neutral in the sense that it would transfer no charge across the 
membrane. With such a mechanism one would expect changes in the activity 
of the pump to have no immediate effect on membrane potential, while altera- 
tions in membrane potential ought not to have much effect on the activity of 
the pump. Both predictions agree with our observations, but this is not really 
good evidence that the pump is neutral. If a chemical reaction involved in the 
sodium pump gave 10,000 cal/mole (as in the hydrolysis of ATP), it would be 
capable of driving ions against an electrochemical potential difference of 
430 mV. In this case the change of 20 mV produced by applied currents might 
reduce the efflux of sodium by an insignificant amount. A reservation must 


also be made about the lack of any change in membrane potential when the - 


sodium pump is blocked. The argument is clearest for the squid axon, which 
has a resting membrane resistance of only about 1000 ohm cm? (Cole & 
Hodgkin, 1939; Hodgkin e¢ al. 1952). The sodium efflux from the squid axon is 
about 50 pmole/cm? sec, and it may be assumed that, as in Sepia axons, two- 
thirds of this is balanced by an active uptake of potassium. If the remaining 
third consists of a stream of sodium ejected as ions, the pump would generate 
a current of 1-8yuA, and its direct contribution to the membrane potential 
would be only 1-8 mV. The lack of any marked change in resting potential on 
applying DNP to the squid axon is therefore not conclusive evidence that the 
pump is neutral. 

Although we have presented evidence for a loose or partial coupling between 
the secretory movements of sodium and potassium, it seems that there cannot 
be a rigid linkage between sodium efflux and potassium influx. Removing the 
potassium from the external medium reduces the sodium efflux by a factor of 
about 3, but much greater reductions are observed at low temperatures or 
under the influence of metabolic inhibitors. The residual sodium efflux into 
_ potassium-free solutions is not an exchange for external sodium, since it is 
increased by substituting choline or dextrose for sodium. When sodium ions 
are extruded into a salt-free solution they must be accompanied by anions, 
but there is no indication as to the nature of these substances, and we do not 
know whether they leave the nerve passively or are actively extruded with 
sodium. 

A possibility which has not been excluded is that the net leakage of potassium 
occurring in potassium-free solutions may prevent the concentration of 
_ potassium immediately outside the membrane from falling below 1 or 2 mm. 
A local accumulation of this kind might allow even a tightly coupled pump to 
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continue at a reduced rate in potassium-free sea water, but it would still be 
necessary to assume that the sodium and potassium ions leaving the axon in 
dextrose solutions were accompanied by anions. 


with other tissues 

The action of metabolic inhibitors on cephalopod axons is consistent with 
results on other tissues. Poisons like dinitrophenol and cyanide block the 
active transport of ions in tissues such as gastric mucosa (Davies, 1951), 
kidney slices (Mudge, 1951), frog skin (Fuhrman, 1952), and chicken ery- 
throcytes (Maizels, 1954), as well as in plants (Robertson, Wilkins & Weeks, 
1951; Scott & Hayward, 1954). Two preparations which do not seem to be 
affected by these agents are mammalian erythrocytes (Maizels, 1951) and 
amphibian muscle (Keynes & Maisel, 1954). In the former case the lack of 
effect is not surprising, since it may be that cyanide and DNP have little 
blocking action on the glycolytic system which is apparently the principal 
metabolic pathway in mammalian blood. This explanation is less satisfactory 
for frog muscle, since muscles doubly poisoned with cyanide and iodoacetate— 
which should block both respiration and glycolysis—show no striking reduc- 
tion in sodium efflux after several hours treatment at room temperature 
(Keynes & Maisel, 1954), and no potassium leakage at 0°C (Ling, 1952). 
Whether the sodium pump can be driven by the store of phosphocreatine, or 
whether there is some other energy reserve in muscle, is not yet clear, but the 
evidence at present available does not seem to us sufficiently compelling to 
justify Ling’s (1952) conclusion that there is no active transport of cations in 
muscle, and that the ionic state is maintained by selective binding at fixed sites 
in the myoplasm. Apart from the many other difficulties raised by this hypo- 
thesis, there is now strong evidence that in cephalopod nerve (whose electrical 
and ionic properties are not unlike those of frog muscle) sodium ions do not 
leave the cell passively but are driven out by metabolism. 

The influence of temperature on the active transport of sodium eal 
potassium in Sepia nerve is in qualitative agreement with the observations of 
Steinbach (1954) or Harris (1950) on frog muscle, of Solomon (1952) on red 
cells, and of Shanes (1954) on crab nerve. However, it is difficult to make any 
exact comparison, since the temperature coefficient of the sodium efflux in 
Sepia fibres is not constant, but is very high near 0° C and declines rereny 
as the temperature is raised. 

The inability of Sepia axons to pump sodium effectively near 0°C fits in 
with the geographical distribution of these animals. S. officinalis is scarce to 
the north of Britain, more common to the south, and exceedingly abundant in 
the Mediterranean (Forbes & Hanley, 1853). At Plymouth it appears in large 
numbers in September or October, and becomes infrequent after January. 
Many factors besides temperature must govern the distribution and migration 
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of Sepia, but the animals are certainly not well adapted to low temperatures, 
as we found to our cost during a cold spell when a consignment arrived at 
Cambridge with all eight specimens dead and the sea water in the containers 
at a temperature of 4°C. (The mortality for similar journeys at temperatures 
of 10-15°C was normally about 10%.) At present there is no evidence for a 
connexion between the habitat of a species and the temperature dependence of 
its secretory mechanisms, but since many animals live happily at 0° C, there 
must presumably be a different relation between temperature and sodium efflux 
in cold-water forms. 
SUMMARY 


1. The rate at which sodium is extruded. by giant axons from Sega or 
Loligo is markedly reduced by dinitrophenol, cyanide and azide, or by cooling 
to 1° C. Sodium influx is not much altered under these conditions. | 

2. Dinitrophenol, cyanide and low temperatures greatly reduce the uptake 
of potassium from sea water (containing 10-4 mm-K), but have relatively little 
effect on the efflux of potassium, or on the influx from —— solutions 
(containing 52 mm-K). 

3. Removal of potassium ions from the external fluid reduces the wesliecen 
efflux to about one-third, the effect being immediate in contrast to the delayed 
action of inhibitors. 

4, The decrease in potassium influx produced by dinitrophenol is about equal 
to the decrease in sodium efflux produced by removing external potassium. 

5. Increasing the membrane potential by anodal currents does not alter 
the sodium efflux into sea water containing 10-4 mm-K. 

6. Sodium can be extruded into solutions from which all the sodium and 
potassium ions have been removed. Removing external sodium at constant 
external potassium increases the efflux of sodium. 

7. The resting potential and action potential are little changed by dinitro- 
phenol or cyanide. 

8. The rapid sodium movements associated with the passage of impulses ~ 
are little altered by concentrations of dinitrophenol which prevent sodium 
extrusion during recovery. 

9. It is concluded that in addition to a permeability system which allows 
ions to move down electrochemical gradients during electrical activity, there 
is a secretory mechanism driven by metabolism which ejects sodium and 
absorbs potassium against the electrochemical gradients. Conduction of 
impulses, but not recovery, can take place if the secretory mechanism is put 
out of action with inhibitors. Sodium efflux and potassium influx are coupled, 
but do not seem to be linked rigidly. 


We wish to express our thanks to the Director and staff of the laboratory of the Marine Biological 
Association at Plymouth for much assistance, to Mr A. F. Huxley for helpful discussion, and to 
the Rockefeller and Nuffield Foundations for financial support. 
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THE POTASSIUM PERMEABILITY OF A GIANT 
NERVE FIBRE 


By A. L. HODGKIN anp R. D. KEYNES 
From the Physiological Laboratory, University of Cambridge 
(Received 30 August 1954) 


_ The experiments described in the preceding paper (Hodgkin & Keynes, 1955) 
show that metabolic inhibitors like dinitrophenol and cyanide produce large 
changes in the relative magnitude of the fluxes of potassium moving inwards 
and outwards across the membranes of giant axons from Sega officinalis. For 
normal fibres recovering from stimulation the influx is 15-30 pmole/cm? sec, 
while the efflux is 20-40 pmole/cm?sec. On poisoning with dinitrophenol, which 
virtually abolishes the sodium efflux, the potassium influx is reduced to 2-3 
pmole/cm? sec, while the efflux remains the same or is slightly increased. These 
facts may be explained by supposing that in normal fibres there is, in addition to 
the passive potassium movements seen by themselves in poisoned fibres, an 
active uptake of potassium, coupled to the extrusion of sodium, and amounting to 
about 20 pmole/cm?sec. This hypothesis is attractive in that it providesa reason- 
able explanation of the further observation that the sodiumefflux drops by some 
20 pmole/em*sec when external potassium is removed, but it raises one serious 
difficulty which needs to be resolved. 

_ According to the equation derived by Ussing (19496) for independent passive 
transport of ions, the influx (M,) and the efflux (M,) of a monovalent cation 
such as potassium should be related in the following way: 


M,/M,=exp (E—E,)F/RT, (1) 


where E is the potential difference across the membrane (here taken as external 
potential minus internal potential), and Ey is the equilibrium potential for 
potassium, defined by Ex -7 In i where [K], and [K], are the internal 
and external concentrations of potassium. This equation has also been derived 
in different ways by Teorell (1949) and Hodgkin & Huxley (1952a). The 
essential assumption is that with a constant potential difference across the 
membrane the chance of any individual ion crossing the membrane in a given 
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time interval is not affected by the other ions that are present. Examples of 
mechanisms to which such an independence relation should apply are those 
involving combination with carriers where only a small proportion of the 
carrier is combined, or systems involving diffusion where the ions are present 
at fairly low concentrations throughout the membrane, and have no tendency 
to concentrate in narrow channels, 

It seemed at one time that the potassium fluxes in cephalopod axons were 


in reasonable agreement with equation (1) (Keynes, 1951; Hodgkin, 1951). 


Thus Keynes found ratios of 0-3-0-4, which is about the value predicted for 
a potassium concentration ratio of 34 and a resting potential of 62 mV 
(Weidmann, 1951). This agreement must now be regarded as fortuitous, since 
poisoned axons—in which the fluxes should be wholly passive—give an 
average flux ratio of about 0-1, whereas the average values of resting potential 
and potassium concentration obtained for similar fibres require a ratio 
of 0-4. The quantities used in-applying the equation are, of course, subject to 
appreciable uncertainty, but the discrepancy is so large that it cannot be 
removed by any reasonable allowance for experimental error. It therefore 
appears that the movements of potassium through the surface membrane 
cannot be independent in the sense required for equation (1) to hold. 

It does not follow that active transport must be involved, since it is possible 
to have passive movements which are not independent. In this case the influx 
and efflux are equal when F = Ey as predicted by equation (1), but for all other 
situations the relation no longer applies. An example is provided by a system 
in which there is a large exchange across a membrane, but little net transport 
(Ussing, 19494; Mitchell, 1953). However, such behaviour will not account 
for our results, since it makes the flux ratio closer to unity than the inde- 
pendence relation would predict. The type of hypothesis required to explain 
a flux ratio which is anomalous in being unduly high is one in which the ions 
are assumed to move in single file through narrow channels or along chains of 
sites which stretch through the membrane. In this kind of system the influx 
is small when the main direction of the ionic movements is outward, because 
ions travelling inwards have to move against a stream coming in the opposite 
direction. Such competition between influx and efflux results in exaggerated 
flux ratios. 

These considerations suggest that it is highly desirable to measure the 
potassium flux ratios as a function of the driving force, F—E,,. A certain 
amount of information can be obtained by varying the external potassium 
concentration, but the range covered in this way is small, since K and EF, are 
approximately equal when the external potassium exceeds 50 ma. This paper 
is therefore mostly concerned with a series of experiments in which EF, was 
varied by altering the external potassium concentration, and E was controlled 
by current flow. The measurements were not at all accurate, but it proved 
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possible to change the flux ratio over a range of 2400, so that errors introduced 
by imperfections in technique or by variations from one fibre to the next, 
were not as important as they might seem at first sight. 


METHOD 
The main new apparatus was a device (Fig. 1) for measuring the potassium fluxes in a short length 
of a 200 Sepia axon whose membrane potential could be altered by applying current, or by 
depolarizing the adjacent regions with potassium-rich solutions. Two very similar versions of the 
apparatus were built, and were used for parallel determinations of influx and efflux on different 
fibres. The essential feature of the device was a thin-walled glass tube (2-0 mm outside diam., 
1-6 mm inside diam.) which could be connected with a pair of motor-driven syringes operating in 
push-pull. Two holes about 300 in diameter were made on opposite sides of the tube, by drilling 


> Flowing sea 
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Perspex cell 


Fig. 1. Diagram of apparatus. When the agar bridge was used, the circular pot A or B 
in which it was placed was filled with solution. 


with a needle and diamond paste and subsequently rounding the sharp edges in a microflame. The 
fibre was drawn through the holes with a hair, and held in position by two pairs of forceps. For 
measurements of influx, a solution containing “*K was placed in one of the push-pull syringes, and 
was made to flow past the centre of the fibre at 0-25 ml./min for periods up to 40 min. During the 
whole of this time the parts of the fibre outside the tube were washed with a constantly renewed 
supply of inactive solution, so that the radioactive ions could only come into contact with the 
central portion of the fibre inside the tube. Tests made with dyes showed that there was little 
mixing between the inner and outer solutions, and that the boundary between them was sharp. 
After 20-40 min the flowof“K sea water was stopped, both syringes were removed, and the tube 
was thoroughly flushed through with an inactive solution. The fibre was then taken out of the 
apparatus, washed in sea water, and mounted above a Geiger counter in flowing sea water (see 
Keynes, 1951, Fig. 1) in order to determine the quantity of radioactivity in the axis cylinder. The 
influx was calculated from the rate of gain of labelled potassium, and the area of membrane 
exposed to tracer in the tube, taken as 7 x axon diameter x /, where | was the mean of the internal 
and external diameters of the tube. In some cases, where the time spent in **K was not short 
compared with the time constant for loss of radioactivity, it was necessary to make an allowance 
for the efflux of “*K during the period in the tracer solution, This was done by calculating the rate 
constant for loss of activity (k) from the observed axon diameter and [K},, and from a probable 
value for thé efflux under similar conditions taken from Fig. 6, and correcting the influx by the 
factor kT’/(1 —e-*?) as described by Keynes (1954). 
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For measurements of efflux the fibre was first loaded with **K and was then placed in the 
apparatus with inactive solutions both in the tube and in the outer compartment. The push-pull 
syringes were run for 20 min and the quantity of radioactivity collected in the receiving syringe 
was determined with a liquid counter as described in the previous paper (Hodgkin & Keynes, 
1955). While the receiving syringe was being emptied and washed out, a pair of stand-by syringes 
was in operation. After making several determinations of efflux under different conditions, the 
fibre was removed, washed in K-free choline sea water, and the central part dried on a thread of 
quartz. The quantity of “*K in this fragment was determined by counting with a solid counter, 
and the total K by activation analysis (Keynes & Lewis, 19516). The efflux was worked out in the 
usual way from the membrane area, the rate of loss of labelled potassium, and the proportion of 
labelled to total potassium in the axoplasm. 

One way of altering the membrane potential in the central part of the fibre was to depolarize 
the two ends outside the tube with a potassium-rich solution, and to rely on local circuits to keep 
the resting potential in the central region at about the same level as in the rest of the fibre. When 
this method was employed the central tube was usually connected with the outer compartment by 


Ba A, external potential 
B, internal potential 
—10 0 § 10 
mm 


Fig. 2. Theoretical distribution of potential in a cable-like system. A is the external potential 
applied to the axon. B is the displacement of the internal potential from its resting value, 
calculated for an axon with a space constant of 7mm. Note that the potential difference 
across the membrane is nearly constant in the central region, and is about 90% of the applied 
potential. 


an agar bridge. For efflux measurements this was placed between pot A and the external solution, 
in order to avoid loss of radioactive ions by diffusion into the agar. For influx measurements it 
was placed between pot B and the external solution in order to avoid dilution of the radioactive 
solution by diffusion from the agar. The agar bridge was not used in all experiments, and was not 
really essential, since the axon did not fit tightly into the holes drilled through the tube, and there 
was always a fairly low resistance path between the inside of the tube and the outer compartment. 

The other way of using the apparatus was to have a solution containing 10-4 mm-K in the outer 
compartment, and to alter the potential of the tube by applying current. Under these conditions 
the change in membrane potential in the central region will be nearly equal to the applied potential 
provided that the space constant of the fibre is large compared to the width of the tube. This is 
illustrated by Fig, 2, which shows A, the external potential and B, the internal potential calculated 
by linear equations on the assumption that the membrane resistance is constant and that the space 
constant is 7 mm. Weidmann (1951) gives data which suggest that the space constant for resting 
unpoisoned Sepia axons in a large volume is about 10 mm; we have used a lower value because 
our fibres were always stimulated and soaked for an hour in dinitrophenol at the start of the 
experiment. The error will be less if Weidmann’s figure applies. For the conditions assumed in 
Fig. 2, the mean change in membrane potential for the region inside the tube is 88% of the applied 
potential. This figure is only valid when the applied potential is small. For displacements greater 
than 5 mV it is necessary to allow for rectification in the membrane, which will reduce the error 
when the inside of the tube is anodal, and increase it markedly when the tube is cathodal. Our 
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procedure was therefore to regard the applied potential as an upper limit, and to estimate the 
errors a8 well as we could by calculations based on electrical data obtained in other experiments. 

Axons from 8. officinalis were used throughout the investigation. They were almost always _ 
stimulated for 3-10 min at 50/sec and poisoned with 0-2 mm-dinitrophenol for at least an hour 
before any tests were made. Samples of *K of about twice the usual specific activity were provided 
by the Atomic Energy Research Establishment, Harwell. For efflux experiments the ““K was 
usually introduced by soaking in 50 mm-K for 1-3 hr at about 4° C. Unless otherwise stated, 
electrical and chemical methods were similar to those described in the previous paper (Hodgkin & 
Koya 1955). 


RESULTS 
Electrical measurements 


In order to interpret the tracer experiments it was essential to have si data 
for the relation between membrane potential and external potassium con- 
centration in the absence of applied currents. This was obtained by impaling 
the axons with 0-5 u micro-electrodes filled with 3 m-KCl (Ling & Gerard, 1949; 
Nastuk & Hodgkin, 1950). The thin layer of connective tissue surrounding 
Sepia axons is not always easy to penetrate, and it proved vital to anchor the 
fibres properly before attempting to impale them. In the first experiments we 
left fine strands of the nerve trunk adhering to the otherwise clean axon, and 
fixed them with pins to the bottom of a Perspex cell. Later we pulled the 
axons into a 400» glass capillary, one wall of which had been ground away over 
the central region for a distance of 10 mm, in order to allow the micro-electrode 
to be applied to the axon. The fibres were impaled two or three times in each 
solution, and frequent checks were made of the resting potential in the normal 
sea water containing 10-4 mm-K. The membrane potential during the positive 
phase which follows the spike in cephalopod axons was determined in some of 
the experiments. Axons are normally inexcitable in 52 mm-K, but a good 
anode break excitation could still be obtained by polarizing the membrane 
with an anodal current, and then switching off the current. The changes 
brought about by altering the potassium concentration were usually reversible, 
except with 490 mm-K, which tended to leave the membrane potential 
depressed by a few mV on returning to 10-4 mm-K. The results of successive 
impalements showed a scatter which we attribute to slight alterations in the 
way in which the membrane was penetrated, and to slight differences between 
micro-electrodes. (These were often broken by the connective tissue, and had to 
be replaced at frequent intervals.) In a representative experiment, nine 

impalements in 10-4 mm-K gave a mean resting potential of 62 mV, with a 

standard deviation of 2-6 mV (s.£. of mean 0-9 mV). 

The result in which we were primarily interested was the relation between 
potassium concentration and resting potential in fibres treated with 0-2 mm- 
dinitrophenol. The values obtained in four experiments are given in Table 1, 
and averages are plotted in Fig. 3. Table 2 and Fig. 4 show the very similar 


behaviour of fibres which had not been poisoned. It can be seen that as in 
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other excitable tissues (Hodgkin, 1951) the relation between membrane 
potential and log [K], has a slope of about 50 mV at high potassium concen- 
trations, but that theslope falls off considerably at low potassium concentrations. 


TaBLE 1. Effect of external potassium concentration [K],, on the membrane potential 
in fibres poisoned with 0-2 mm-dinitrophenol 
Membrane (mV) at 


Resting potential (mV) peak of positive phase 
(mm) 1 2 3 4 Mean 1 2 3 4 Mean 
35 — 66 66 — — 92 92 
104 638 61 6 62 62 — — 6 
52 41 42 465 4 4 —  — 
490 -10 0 — -ll -7 
Experimental details 
Diameter [K], [Na], 
Axon no, (mm) (mm) 
1 220 274 68 
2 195 255 58 
3 254 242 45 
4 276 307 61 
Mean 236 270 : 58 


Axons were stimulated for 5 min at 50/sec and then soaked in 0-2 mm-DNP for 1 hr before use. 
The results given for 10-4 mm-K are the average of 10-20 separate impalements; in the other 
solutions two or three impalements were made in each case. The concentrations of Ca and Mg were 
kept as in sea water throughout. [Na], was altered with [K], so that their sum was always 490 mm. 
All solutions contained 0-2 mm-dinitrophenol, Temperature 17-19° C. Potentials are here given 
as external minus internal potential; concentrations are in m-mole/l. (axoplasm or solution). 


TaBLE 2, Effect of external potassium concentration on membrane potential 


in unpoisoned fibres 
Membrane potential (mV) at 
Resting potential (mV) peak of positive phase 

(mm) 1 2 3 Mean 1 2 3 Mean 
0 70 83 65 73 04 91 94 93 

10-4 63 69 60 64 76 76 74 76 
52 46 43 40 43 
207 20 18 14 17 
490 -1 1 -4 -1 


Potentials are given as external potential minus internal potential. 
Experimental procedure as for Table 1 except that fibres were not poisoned with DNP and 
were not stored for analysis. 


This suggests that K+ ions carry most of the membrane current in depolarized 
axons, as found by Hodgkin & Huxley (1953), but that other ions make a 
significant contribution when [K], is small. The relation between potential and 
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Fig. 3. Effect of external potassium concentration on membrane potential in Sepia axons poisoned 
with 0-2 mm-dinitrophenol. Abscissa: potassium concentration in mm (logarithmic scale). 
Ordinate: average membrane potential from Table 1 (external potential minus internal 
potential). ©, resting membrane potential; @, membrane potential during positive phase. 
The average internal potassium concentration was 270 m-mole/ 1. axoplasm. se 
17-19° C, 


Membrane potential (mV) 


Fig. 4. Effect of external potassium concentration on membrane potential of unpoisoned Sepia 
axons, Average results from Table 2. Symbols as for Fig. 3. Temperature 17-19° C. 
5-2 
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log [K], is steeper during the positive phase, indicating that the permeability 


to potassium increases during the spike and does not return to its normal level 
until a few milliseconds afterwards (cf. Hodgkin & Katz, 1949; Hodgkin & 
Huxley, 1952a). With 52 mm-K the positive phase associated with an anode 
break spike was only about 1 mV, showing that the membrane potential was 


then close to the equilibrium potential for potassium. Further evidence for 


this conclusion comes from the approximate equality of potassium influx and 
efflux at this external concentration (see Table 4), and from the agreement 
between the observed membrane potential and that calculated from the 
measured internal potassium concentration. 
The broken line in Fig. 3 was drawn without introducing any arbitrary 
constants according to the equation KL 
Ex = —58 mV log rK],’ 
where [K],; was the measured internal potassium concentration at the end of 
the experiment (in m-mole/l. axoplasm). The fibres used for Fig. 4 were not 


- analysed, so that no comparable line could be drawn here. The agreement 


4 


between the observed and theoretical membrane potentials, over a range of 
potassium concentrations in which the fibres seem to be nearly in passive 
equilibrium with respect to K+ ions, justifies the method of calculating ZH, and 
allows the electrochemical potential difference acting on K+ ions to be calcu- 
lated when the system is not in equilibrium. Thus with 10-4 mm-K in the © 
external solution the average membrane potential was 20 mV below the 


equilibrium potential, so that E— Ky is taken as —20 mV. 


Potassium fluxes without applied current 

During the course of the work described in the previous paper we accumu- 
lated data for the potassium fluxes in sea water containing 0-2 mm-dinitro- 
phenol and 10-4 mm-K. The average values obtained in these and other experi- 
ments are given in Table 3. In addition, we wished to obtain figures for the 
potassium fluxes without applied current in solutions containing higher 
potassium concentrations. The method of following the changesin radioactivity 
of the nerve itself (Keynes, 1951) was adopted, since this gave both influx and 
efflux in the same experiment. A typical experiment like that illustrated in 
Fig. 5 consisted of (1) a dip into the radioactive solution, (2) a period of counting 
in an inactive solution, (3) a second dip in the radioactive solution, (4) a short 
period of counting, (5) measurement of axon diameter, and (6) determination 
of potassium content by activation analysis of the length of axon used for the 


experiment. The influx was calculated from the rate of gain of radioactivity 


with a correction (always under 10%)-for the concurrent loss of “K, as 
described by Keynes (1954), and the efflux from the rate constant for loss of 
radioactivity and an estimate of the internal potassium concentration (columne, — 
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Table 4) based on the final analysis. The two measurements of potassium influx 
agreed closely for [K],<50 mm, but at higher concentrations the second dip 
always gave a smaller influx, indicating that the permeability mechanism had 
been impaired by the long exposure to the potassium-rich solution. 

700 


in axon (counts/min) 


| 
| +380 
| 
300 
| +400 
0 50 100 
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Fig. 5. Determination of potassium flux ratio in 0-2 mm-DNP sea water containing 52 mm-K. 


The axon was immersed in a **K solution between the dotted lines, and during the rest of the 
experiment was in a flowing inactive solution of identical composition. The axon diameter 
(174) and the potassium concentration in the axoplasm (243 mm) were measured at the end 
of the experiment. Temperature 20° C. 


The results in Tables 3 and 4 suggest that the potassium movements in 
poisoned axons are entirely passive. Thus the influx is greater than the efflux 


for [K], = 100 mm, and is less for [K], < 20 mm. This is consistent with Fig. 3, 


which shows that > for [K], > 50 ma, and E < for [K],<50 mm. On the 
other hand, the flux ratios are plainly not in agreement with equation (1). This 
is illustrated in Fig. 7, which shows that the ratios are much larger than those 
calculated from the equation. However, the evidence from experiments with 
no current is not very strong, since EF is too close to Hy over most of the range 
of potassium concentrations for large deviations to be expected. 


Potassium fluxes with membrane current: the efflux in a depolarized axon 

Before discussing the main results it may be helpful to consider a rather 
simple experiment which shows that the potassium movements are not inde- 
pendent. The apparatus shown in Fig. 1 was employed, with the agar bridge 
connecting pot A to the external solution. The experiment consisted in 
measuring the efflux from a short length of fibre which was depolarized by 
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TaBLe 3. Potassium fluxes in Sepia axons poisoned with 0-2 mm-dinitrophenol, at an external 
potassium concentration of 10-4 mm 


Mean flux Range 
Method No. of expts. ~ sec) (pmole/cm* sec) 


K influx A 
K influx B 2 1 2-6-3-8 
Value taken for 3-0 
influx 
K efflux C 25 13-35 
K efflux D 5 39 29-67 
K efflux E 18 15-20 
Value taken for 27 
ux 
A was the standard influx method (Keynes, 1951, Fig. 1), using an 18 mm window over the 
Geiger counter. 


B was similar, but used the apparatus of Fig. 1 for measuring the uptake of “K by 1-8 mm of 
axon, 

C depended on determining the rate constant for loss of radioactivity by an 18 mm length of 
axon. 
D depended on counting the radioactivity in the effluent from a 17 or 29 mm length of axon. 
_ E depended on counting the radioactivity in the effluent from a 1-8 mm length of axon (using 
apparatus of Fig. 1). 


Tanta faxes io with 0-2 mac-diniteophencl, in 


potassium-rich solutions 
b 
| d e Efflux h 
a diam. {[K],  [K], (pmole/ (pmole/ Influx 
(mm) (mM) (mM) cm*sec) cm*sec) Efflux 
1 249 20-7 178 243 15-1 42 0-46 
25-2 0-46 
2 207 20:7 207 250 11:3 34 0-46 
216 | 
3 174 52 243 278 135 151 0-87 
128 1-05 
4-204 52 246 256 109 87 1-25 
109 
5 213 104 271 294 232 178 1-20 
197 1-36 
6 185 104 259 273 212 119 1-53 
156 
7 175 207 242 277 374 1-86 
229 1-90 


Temperature 19-21° C. 
All fibres had been stimulated for 5-10 min at 50/sec. 


Column d@ was obtained from the potassium concentration determined by activation analysis 
at the end of the experiment. 

Column e was obtained by interpolation between column d and an initial value derived from 
the figures of Keynes & Lewis (19515). 

Axon diameters were measured at the end of the experiment, and no allowance has been made 
for possible swelling in the potassium-rich solutions. 
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immersing all but the central 2 mm in sea water containing 104 mm-K. The 
solution in the tube was either (a) the same as that outside (104 mm-K) or 
(>) a similar solution with only 10-4 mm-K. It was thus possible to examine 
the effect of a tenfold decrease in external potassium on the potassium efflux, 
at a roughly constant membrane potential. If K+ ions moved through the 
membrane independently of one another, and if the method of maintaining 
the constancy of the resting potential was perfect, one would expect the 
efflux to remain unaltered when the external potassium concentration was 
changed. Since the resting potential would; in practice, be somewhat greater 
in the 10-4 mm-K sea water, lower fluxes into this solution might be 
TaBLE 5. Effect on potassium efflux of changing external potassium concentration at 
‘constant’ membrane potential in a depolarized axon 

| Expt. 3 

Efflux of K* 
[K], within (counts/min (counts/min = (counts/min Efflux of K 


tube (mm) | per min) per min) per min) (pmole/cm? sec) 
104 2-12 2-98 19-1 172 
10-4 4°83 8-31 39-4 451 
104 1-99 3-10 10-6 149 
10-4 3-98 7-36 28-0 494 
104 1-43 — 8-2 180 


The apparatus of Fig. 1 was used, and the solution in the outer compartment contained 
104 mm-K throughout the experiments. 
- Expts. 1 and 2 were made with unpoisoned fibres, and “*K was introduced by soaking in 
20-7 mm-K sea water. 

Expt. 3 was made with a fibre poisoned with 0-2 mmu-DNP, and “K_ was introduced by soaking 
in 52 mm-K sea water. 

Temperature 15-20° C. 3 

Radioactivity was collected over periods of 18-20 min, with intervals of about 3 min for changing 
solutions, 


predicted. Table 5 shows that this expectation was not fulfilled, for the efflux 
into 10:4 mm-K was consistently greater than that into 104 mm-K. This is a 
striking result, because an increase in external potassium is normally associated 
with an increase in efflux. For example, in the experiments of Tables 3 and 4, 
in which the membrane potential was allowed to take up a value appropriate 
to the potassium concentration, a tenfold increase of external potassium caused. 
a fivefold increase in efflux. Yet in Table 5 a tenfold increase in [K], was 
followed by a reduction in efflux to 1/2°6. This observation suggests that it 
may be easier for potassium ions to leave the fibre when the number travelling 
in the opposite direction is reduced, and that the potassium movements across 
the membrane are not independent. 3 
The first two experiments in Table 5 were made with unpoisoned axons in 
sea water, and were not worked out in full because the fibres were not stored 
for activation analysis. The third axon had been poisoned with 0-2 mm-dini- 
trophenol, and was analysed for labelled and total potassium at the end of the 
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experiment. The fluxes shown in the right-hand column were worked out on 
the assumption that the internal potansiam © concentration remained. the same 
throughout the experiment. 

In order to compare this experiment with others, it is necessary to decide 
on a likely figure for the membrane potential. A lower limit can be obtained 
by assuming that the space constant was large compared with the width of 
the tube. In this case the whole fibre would have the membrane potential 
established by 104 mm-K; from Table 1 this is seen to be 27 mV. A better 
estimate can be made with the help of linear cable equations, taking the space 
constant as 2 mm from the results of other experiments with 104 mm-K. Such 
an analysis indicates that the membrane potential at the edge of the tube was 
37-4mV, and that at the centre it was 39-7 mV; the average potential 
was 38-9mV. An alternative method was to adjust the value of the space 
constant until the calculated membrane current agreed with that worked out 
from the transport of K+ ions (see Hodgkin & Huxley, 1953). This gave an 
apparent space constant of 2-7 mm, and a mean potential of 37 mV. 


The influa in a depolarized axon 

The results obtained when the influx was measured under conditions 
similar to those for Table 5 are given in Expts. 1-3 of Table 7. They show that 
a rise in external potassium concentration from 10-4 to 104 mm at an approxi- 
mately constant membrane potential, increases the influx 20-40 times. If the 
ions moved independently the influx would only be increased 10 times. It 
therefore appears that the chance of any one K+ ion entering the fibre is _ 
improved by increasing the net inward movement of potassium. 


The fluz ratio in a depolarized axon 

The experiments just described show that when [K], is changed from 10-4 to 
104 mm at a more or less constant membrane potential, the influx is increased 
30 times and the efflux is decreased 2-6 times. The tenfold rise in external 
potassium therefore alters the flux ratio by a factor of about 80. It cannot be 
argued that this effect is merely the consequence of a change in potassium 
permeability, since this would not alter the flux ratio. Nor can the result be 
attributed to changes in membrane potential, since these will be in the direc- 
tion to reduce, not to increase, the change in flux ratio. Apart from experi- 
mental error, the only remaining conclusion is that the independence relation 
does not apply in depolarized axons, and that K+ ions interact with one 
another in crossing the membrane. 


Collected results 
We also made a number of measurements in which the membrane potential 
was altered by externally applied currents. These results are collected in 
Tables 6 and 7, together with some further short-circuit experiments. In 
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Tasxe 6. Effect on potassium efflux of membrane potential and external potassium 
concentration in fibres poisoned with 0-2 mm-dinitrophenol | 
p.d. 
bet 
[K], tube and 
[K], [K in outer outer Estimated 
Axon at end wi compart- compart- Efflux membrane 
diam. of expt. tube ment ment (pmole/ potential 
Expt. (#) (mm) (mM) (mm) (mV)  cm*sec) (mV) 
1 250 207 104 104 0 172 27 
10-4 104 0 451 27 (37) 
104 104 0 149 27 
10-4 104 0 494 27 (37) 
104 104 0 180 27 
2 274 269 10-4 10-4 0 21 62 
10:4 10-4 +10 5-1 72 
10-4 10-4 0 19 62 
10-4 10-4 20 222 42 (52) 
10-4 10-4 0 21 62 
3 195 284 10-4 10-4 0 19 62 
10-4 10-4 -10 73 52 (55) 
10-4 10-4 0 21 62 
4 245 216 10-4 10-4 0 13 62 
10-4 10-4 +19 2-4 81 
10-4 10-4 0 17 62 
5 218 171 10-4 10-4 0 15 62 
10-4 10-4 +20 2-2 82 
10-4 10-4 0 19 62 
6 287 246 20-7 10-4 0 10 62 
20-7 10-4 +10 3-4 72 
20-7 10-4 0 10 62 
7 256 226 20:7 10-4 0 16 62 
20-7 10-4 +10 6 72 
20-7 10-4 0 13 62 
8 218 211 10-4 10-4 0 14 62 
| 52 10-4 0 16 62 (59) 
10-4 10-4 0 17 62 
52 10-4 0 15 62 (59) 
10-4 10-4 0 15 62 
9 241 271 52 10-4 0 17 62 (59) 
52 10-4 +6 7-4 67 (64) 
52 10-4 0 7-5 62 (59) 
10 284 170 52 10-4 0 31 62 (59) 
52 10-4 + 6 11-4 68 (65 
52 10-4 0 41 62 (59) 
ll 226 149 52 10-4 0 18 62 (59) 
52 10-4 +10 15 72 (69) 
12 200 193 52 10-4 0 21 62 (59) 
52 10-4 +10. 1-3 72 (69) 
52 10-4 0 26 62 (59) 
Membrane potentials were obtained by adding the externally applied potential difference to the | 
resting potential expected from the potassium concentration in the outer compartment. 
Figures in brackets have been corrected by the methods indicated in the text. 
Temperature 15-18° C. 
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concentration in fibres poisoned with 0-2 mm-dinitrophenol 


For methods of estimating membrane potentials see Table 6 or text. 


A. L. HODGKIN AND R. D. KEYNES 
TaBLE 7, Effect on potassium influx of membrane potential and external potassium 


282 
281 
222 
236 


Temperature 16-20° C. 


p.d. 

tube 
[K], in outer and outer 

within compart- com 
tube ment . ment (pmole/ 
(mM) (mM) (mV) sec) 
10-4 104 0 

104 104 0 195 
10-4 104 0 10-9 

104 104 0 216 
10-4 52 0 6-6 
52 52 0 102 
10-4 10-4 0 2-6 
52 10-4 0 59 
10-4 10-4 0 3-8 
10-4 10-4 +105 5-0 
10-4 10-4 +18 5:3 
20-7 10-4 +10 13-0 
20-7 10-4 +10 11-5 
52 10-4 +10 57 
52 10-4 +10 53 


Estimated 
- Influx membrane 


potential 
(mV) 
27 (37) 
27 
27 (37) 
27 
43 (47) 
43 


TaBix 8, Collected average results of effect on potassium fluxes of membrane potential 
and external potassium concentration 


Estimated 
membrane 

b potential 
a [K], (Z£) 
Row (mm) (mV) 
10-4 27 (37) 
2 10-4 42 (52) 
3 10-4 52 (55) 
4 10-4 62 
5 10-4 62 
6 10-4 72 
7 10-4 81 
8 20-7 58 
9 20-7 72 
10 52 43 
ll 52 62 (59) 
12 52 68 (65) 
13 52 72 (69) 
14 104 27 
15 104 27 
16 207 12 


Column c was obtained as in Tables 6 and 7 from data in Table 1; the first figure is the nominal 
membrane potential, and the figure in brackets has been roughly corrected for cable effects. 
Ey is calculated as 58 log,, (270/[K],); this is the straight line in Fig. 2. 

Columns ¢ and f are from Tables 3, 4, 6 and 7. Sources of information are: row 1 from Table 6, 
Expt. 1, and Table 7, Expts. 1 and 2, abbreviated to R1; 6/1; 7/1, 2. R2; 6/2; 7/4. R3; 6/3; 
influx interpolated. R4; 3/B; 3/E. R5; 3/A; 3/C, D, R6; 6/2; 7/7. R17; 6/4, 5; 7/8, R8; 4/1, 2. 
RQ; 6/6, 7; 7/9, 10. R10; 4/3, 4. R11; 6/8, 9, 10, 11, 12; 7/5. R12; 6/9, 10; influx interpolated. 
R13; 6/11, 12; 7/11, 12. R14; 6/1; 7/1, 3. R15; 4/5, 6. R16; 4/7, 8. 


Geometric means have been employed. 


4 [K}, 
q Axon at end 
2 diam. of expt. 
q Expt. (n) (mm) 
4 1 207 212 
2 170 
q 4 179 161 
4 5 224 281 62 
4 62 (59) 
% 6 191 226 62 
7 190 239 72-5 
7 8 231 224 80 
3 9 265 72 
‘4 10 231 72 
11 190 72 (69) 
q 12 187 72 (69) 
4 
4 d 
3 driving e f 
4 force Influx Efflux g 
(E-Ex)  (pmole/ (pmole/ Influx 
(mV) cm* sec) cm* sec) Efflux 
-55 ( —45) 7-4 471 0-016 
3 ~ 40 ( -30) 6-6 222 0-030 
~30 (-27) (4:6) 73 0-063 
— 20 3-1 18 
20 3-0 32 0-09 
4 -10 5-0 5-1 0-98 
5-3 2-3 2-3 
4 - 7 18 38 0-46 
a + 7 12-2 4-6 2°7 
120 115 1-05 
4 +20 (+17) 59 18 3:3 
+26 (+28) (57) 9-2 6-2 
a +30 (+27) 55 1-4 39 
+ 3 206 167 1:30 
4 + 3 197 146 1-36 
4 + § 304 160 1-90 
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Table 8 the same results (and others from Tables 3 and 4) are presented in a 
less direct but more convenient form. When the agar bridge was used as a short 
circuit, the membrane potential was estimated in the manner described on 
p. 72. With externally applied currents the value given is that appropriate 
to the potassium concentration in the outer compartment plus the potential 
difference produced by an external circuit connected between the tube and the 
outer compartment. This should be fairly reliable for membrane potentials 
greater than 55 mV, but becomes inaccurate for lower potentials. Corrected 
values were calculated by the type of method used on p. 64, but must be 
regarded as very tentative estimates. | i | 

The results in Table 8 provide evidence that (1) the potassium permeability 
or conductance increases on depolarization, (2) potassium movements in 
poisoned fibres are passive, and (3) potassium movements in poisoned fibres are 
not independent. These points are considered in turn in the following sections. 


Potassium fluxes and membrane potential 


Fig. 6 illustrates the relation between membrane potential and the 
potassium fluxes with a fixed external potassium concentration of 10-4 mm. 
It shows that the efflux increases steeply when the membrane is depolarized, 
and varies over a range of 200 times. In the steepest part of the curve the 
efflux is doubled by a depolarization of 4 mV. 

The influx did not alter by a factor of more than 3 over the whole range, 
but owing to the scatter of the results it was impossible to determine the exact 
shape of the curve. The relative constancy of the influx is presumably to be 
explained by the opposed actions of (1) an increase of the electrochemical 
gradient against which the K+ ions are moving, and (2) an increase in the | 
permeability of the membrane to potassium. For the efflux these two factors 
operate in the same direction. 

The influence of membrane potential on the potassium fluxes with higher 
external potassium concentrations (e.g. 52 mm) is similar to that in Fig. 6, 
except that at a given membrane potential the effluxes are usually smaller and 
the influxes always much larger than with 10-4 mm-K. The results also suggest 
that the influx from 52 mm-K tends to fall when the membrane potential is 
raised, as would be expected if the decrease in potassium permeability had 
more effect than the rise in electrochemical potential difference. 

Fig. 6 provides direct evidence for the conclusion that depolarization 
increases potassium conductance (Hodgkin & Huxley, 1952c, 1953). This 


quantity is defined as 
9x =Ix|(E-Ex), 


where I, is the membrane current transported by K* ions, and (£ - Ex) is 
once more the difference between the membrane potential and the equilibrium 
potential for potassium. Taking F, at the intersection of the two curves 
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(74 mV) and J, as (influx — efflux) x 96,500 coulombs/mole, it can be calculated 
from Fig. 6thatg, isabout 0-05 m-mho/cm? at 80mV membrane potential, about 
0-12 m-mho/cm? at 62 mV, and about 1 m-mho/cm? at 35 mV. In the steepest 
part of the curve the conductance increases e-fold for an 8 mV decrease of 
membrane potential. The absolute conductances are smaller, and the change 
with membrane potential somewhat less than that expected from Hodgkin & 
Huxley’s (1952c) data, but the present results are not at all accurate, and there 
may be no real discrepancy between the two sets of experiments. If there were 
a genuine difference, it would not be hard to explain, since one method used 
Loligo axons and currents lasting less than 50 msec, while the other used Sepia 
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Fig. 6. Effect of membrane potential (external minus internal) on potassium efflux (QO) and 
potassium influx (@) with an external potassium concentration of 10-4 mm. The values are 
taken from Tables 6 and 7, and are plotted as the nominal membrane potentials with arrows 
indicating approximate corrections. All fibres had been treated with 0-2 mm-DNP., 


axons and currents lasting for 20 min. The species difference could account 
for the disagreement in absolute conductance, since Sepia fibres have a higher 
membrane resistance than those from Loligo (Cole & Hodgkin, 1939; Weid- 
mann, 1951), while a difference in slope might arise if prolonged depolarization 
tended to reduce potassium permeability. 


The influence of potassium concentration on the membrane potential 
for equal potassium fluxes 
If the movements of potassium are entirely passive in axons poisoned with 
dinitrophenol one would expect that the influx would be equal to the efflux 
when the membrane potential was 58 mV x log [K],/[K],. The potentials at 
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which the fluxes were equal can be estimated from the collected results in 
Table 8. With [K],=10-4 mm the fluxes were equal at 74 mV, as shown in 
Fig. 6. With 20-7 mm-K the ratio of influx to efflux was 0-46 at 58 mV and 
2-7 at 72 mV; hence the equilibrium potential may be taken as 65 mV. With 
52 mm-K the ratio was close to unity at 43 mV. With 104 or 207 mm-K values 
of 24 or 6 mV are obtained by using the empirical equation (2.0) to extrapolate 
from the ratios of 1-30 or 1:90 observed at 27 or 12 mV respectively. These 
estimates, which are tabulated in the second column of Table 9, are based 
partly on the electrical data in Table 1, and partly on flux ratios derived from 
Tables 3, 4, 6 and 7. Since the average internal potassium concentration 
varied slightly in the different groups of fibres, there are several ways of com- 
paring observed and calculated values of Ez. One method is to assume that 
the deviation of the membrane potential from Ey, at different external 


TaBLE 9. Comparison of observed and calculated values of Fy at different external 


potassium concentrations 
Membrane potential 
at which K influx 
=K efflux in DNP- - 58 mV ~58 mV log 
lo poisoned fibres {K},/270 [K 
(mm) (mV) (mV) (mV) 
10-4 74 82 78 
20-7 65 65 63 
52 43 41 41 
104 - 24 24 25 
207 6 7 7 


potassium concentrations is independent of the internal potassium concentra- 
tion. In this case [K], should be taken as 270 mu, this being the average value 
for the experiments of Table 1. Alternatively, it can be assumed that the 
membrane potential is the same in all fibres, and that Hy is given by the 
average internal potassium concentration in each group of experiments. We 
regard this method as less fair than the former, but there is not a great 
difference between them, and except at 10-4 mm-K both give values which 
agree very closely with the experimental estimates of Hy. The discrepancy at 
10-4 mm-K may be explained on the assumption that the channels which allow 
potassium to move through the membrane are not perfectly selective, and that 
other ions such as sodium begin to compete effectively when the potassium 
concentration is under 1/45 of the external sodium concentration. A similar 
hypothesis is probably required to explain the facts that neither the membrane 
potential during the positive phase, nor the apparent value of Ex in Loligo, 
obey the Nernst relation at low potassium concentrations (Hodgkin & 
Huxley, 19526). 

Aithough there are some residual uncertainties connected with Table 9, the 
general agreement between the calculated and observed values of the equi- 
librium potential over a wide range of potassium concentrations establishes 
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the passive nature of the potassium fluxes in poisoned axons in a very satis- 
factory manner. This is important because it might otherwise be supposed that 
the interaction described in the next section had something to do with active 
transport. 


Evidence for interaction 

_ It has been shown that in a depolarized axon (£ around 30 mV) increasing 
[K], from 10-4 to 104 mm reduces the potassium efflux by 2-6 and increases 
the influx by about 30. Neither result is consistent with independence, which 
predicts a constant efflux and an influx proportional to external concentration 
when the membrane potential is kept constant. This establishes interaction in 
a depolarized axon, but it does not necessarily follow that the same type of 
interaction occurs at all concentrations and membrane potentials. The results 
in Table 8 suggest that the influx increases more rapidly than concentration 
over the range 10-100 mm-K, and over the range of membrane potentials 
from 30 to 70 mV. (Outside these limits we have no information, but one 
might expect that with sufficiently high external potassium concentrations the 
influx would eventually saturate.) It is difficult to be sure that the converse 
effect—reduction of efflux with rising concentration—is present over the whole 
range studied. The efflux at 52 mm-K and a membrane potential of about 
70 mV is less than a third of the efflux at 10-4 mm-K and the same potential 
(see Table 6), but Expt. 8 in Table 6 suggests that at a membrane potential of 
about 62 mV, a rise in external potassium from 10-4 to 52 mm did not have 
much effect on the efflux. There was no good reason to question the validity 
of this particular experiment, and as the majority of the results deviate so 
markedly from independence, we are inclined to attribute the apparent agree- 
ment in this one case to imperfections in the method of controlling the 
membrane potential. If the potential were to decrease somewhat in 52 mm-K, 
instead of being perfectly constant, there would be an appreciable tendency 
for the efflux to rise, both through an increase in membrane permeability and 
through an increase in the force driving ions outwards, which might just 
balance out the effect of interaction in decreasing the efflux. Such a factor 
might be less important at 30 mV than at 60 mV, since the permeability varies 
less rapidly at low membrane potentials. : 

The best method of testing the independence of the potassium movements 
is to consider the relation between the flux ratio and the electrochemical 
potential difference (H—E,). It is at once clear from Table 8 that the ratio 
varies over a very wide range. Thus the efflux is 60 times greater than the 
influx when #— EF, is about —50 mV, and the influx is 40 times greater than 
the efflux when H—E, is about +30 mV. Hence the flux ratio alters by a 
factor of 2400 for an 80 mV change in the driving force. The change in flux 
ratio predicted by equation (1) is only 24 for 80 mV. 
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In Fig. 7. the flux ratio has been plotted logarithmically against E—E,. 
Plotted in this fashion the independence relations | 


Influx. (B—Bx)F 


(1.0) 
Influx [K], 
nflux\ (H-E 


give a straight line with a tenfold change in 58 mV. Our data can be reasonably 
well fitted by a straight line, but a tenfold change occurs in about 23 mV. This 
means that instead of equations (1.0),.(1.1) and (1.2) we have to write | 


Influx (E—Ex)n'F 


(3.9) 
Influx {[K], 

or | eZF/RT (2.1) 
nflux\’ (E=E,) 


where n’ is 2:5. In view of the considerable scatter of the results, no great 
reliance can be placed on the exact numerical value chosen here for n’. How- 
ever, it is clear that even with generous allowance for experimental error, 
n’ roust be substantially greater than 1. 


Potassium fluzes and membrane conductance 


On the assumption that potassium ions move independently through the 
membrane it can be shown that at the equilibrium potential for potassium the 
flux and conductance should be related by 


(3) 


where gx is the component of the total membrane conductance contributed by 
potassium, M,, is the potassium flux, and the other symbols have their usual 
meaning (Hodgkin, 1951; Hodgkin & Huxley, 1952a). 

The derivation of this relationship depends directly on the use of equation 
(1.0) (see Hodgkin, 1951, p. 364). If equation (2.0) is used instead, the flux- 
conductance relation becomes 

My. (4) 
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Since n’ is about 2-5, there is a considerable difference between the con- 
ductances worked out from the two formulae. In order to see which best 
fitted the facts, we compared the fluxes of potassium and the membrane 
conductance in an axon immersed in a solution containing 104 mm-K. The 
influx and efflux were roughly equal, and had a mean value of 170 pmole/ 
cm? sec. The membrane conductance, estimated from the spread of electro- 
tonic potential, was about 3 m-mho/cm*. As the relation between E and 
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Fig. 7. Effect of driving force, ZH - Z,, on potassium flux ratio in fibres poisoned with 0-2 mm- 
DNP. Results plotted from Table 8 at nominal potentials; arrows show approximate cor- 
rections for cable effects. Filled in symbols are based on flux measurements using 17-29 mm 
lengths of fibre in the absence of applied current (Tables 3 and 4). The other points were — 
obtained with the apparatus shown in Fig. 1 (Table 8). 


log [K], has a slope of about 50 mV at this external potassium concentration (see 
Fig. 3), 9 may be taken as 2-5 m-mho/cm’. The value predicted by equation (3) 
-is 0-66 m-mho/cm?, while equation (4) predicts 1-65 m-mho/cm*. The former 
quantity may be considered outside experimental error; the latter is probably 
within it. A similar conclusion was reached in two other experiments with 
52 and 207 mm-K, but the condition of the fibres was unsatisfactory, and less 
confidence can be placed in the results. The apparent values of n’ calculated 
by equation (4) for these three experiments were 3-2, 3-8 and 2-0. This may be 
regarded as additional evidence that the fluxes are not independent. 
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A comparison of potassium fluxes and membrane conductance in frog muscle 
suggests that here also the independence relation does not apply. Thus Keynes 
(1954) points out that the value of g, calculated from the potassium flux is 
only about one-tenth of the overall membrane conductance, although on other 
grounds one might expect K* ions to carry about half the current crossing the 
membrane. The data for Carcinus axons seems to fit rather better with 
equation (3) (see Keynes & Lewis, 1951a; Hodgkin, 1951), but the comparison 
is of limited value since the membrane conductance varies greatly from one 
fibre to the next. It is also uncertain whether the membrane potential in these 
fibres is close enough to Ey for equation (4) to apply. 


Direction 
of shake 


silver 

Yy 

Fig. 8. Diagram of mechanical model. In A two flat compartments were separated by a narrow 
gap; in B the gap width was increased by spacers. The sides and bottom of the compartments 
were made of aluminium; the top was Perspex. The diameter of the circular compartments 
was 74 mm, and that of the balls 3 mm. The drawing is roughly to scale. The central blocks 
of aluminium helped to randomize the movement of the balls. | 


3 Experiments with a mechanical model 

The very large departures from the independence relation described in this 
paper can be explained by assuming that K+ ions tend to move through the 
membrane in narrow channels, or along chains of sites such as might be pro- — 
vided by the negatively charged groups of a cation exchange resin. The 
essential feature of these systems is that the ions should be constrained to 
move in single file and that there should, on average, be several ions in a 
channel at any moment. Since it may not be immediately obvious that this 
general type of assumption does explain our results, we built a mechanical 
model to illustrate the hypothesis. This consisted of two flat compartments 
which could be joined by a short gap as in Fig. 8A, or by a long gap as in 
Fig. 8B. 100 steel balls which had been blued by heating were put in the left- 
hand compartment, and 50 balls, identical except in being silver in colour, 


were put in the right-hand compartment. The model was then shaken 
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vigorously by a motor for 15 sec. This caused all the balls to rattle about with 
a random ‘Brownian’ movement, and a certain number passed through the 
gap. The number of blue balls which moved from left to right was counted, 
and compared with the number of silver balls which had moved in the opposite 
direction during the same time interval. In order to avoid errors which might 
have been introduced by asymmetries or any slight tilt of the apparatus, or by 
small mechanical differences between the blue and silver balls, the experiment 
was repeated with 100 silver balls in the right and 50 blue balls in the left 
compartment. Both experiments were performed many times, and the results 
averaged. 

With a short gap separating the two compartments one would expect that 
the number of balls leaving the side with 100 would be twice as great as the 
number leaving the side with 50 balls. This prediction was approximately but 
not exactly fulfilled, the ratio in 19 trials averaging 2-7 (s.z. of mean, 0-2). 
A very much greater discrepancy appeared when the long gap was employed, 
for in this case the number leaving the 100-ball compartment was 18 times 
greater than the number travelling in the reverse direction (34 trials, s.x. of 
mean, 4). Use of the long gap therefore greatly exaggerated the ratio between 
the rates of movement upstream and downstream. The reason for this is 
obvious. A single collision with the short gap is sufficient to transfer a ball 
across the gap, so that the flux ratio is roughly equal to the concentration 
ratio. This is not so with the long gap. The number of balls in the gap 
fluctuated, but on the average there were’about three balls in the gap at any 
time. This means that at least four collisions were needed to transfer a ball 
right through the gap. Starting with three blue balls in the gap, the first 
collision of a silver ball moves it into the right-hand position, the second 
moves it into the middle, the third moves it to the left-hand position, and the 
fourth finally transfers it into the other compartment. The frequency with 
which four collisions occur in succession will be 2¢, that is, 16 times greater on 
the 100-ball side than on the 50-ball side. Hence a very large flux ratio is 
obtained with the long gap, but not with the short one. The difference between 
the observed and expected ratios for the short gap probably arose in a 
similar fashion, for the balls were of finite size, and the gap was not infini- 
tesimal, as was tacitly assumed in the initial argument. . 


: Calculations for a theoretical model 
The approximate agreement between equation (2.1) and the experimental 
data suggests that it would be worth trying to find a theoretical basis for the 
equation. This can be done by assuming that K+ ions move in single file along 
chains of potassium-selective sites which stretch through the membrane, and 
that all n sites in each chain are occupied by potassium. The solution to the 
left of the membrane contains potassium at a concentration [K], and all ions 
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in this solution are labelled A. On the right side the concentration is [K], and 
the ions are labelled B. The channels in the membrane will then contain 


A and B in the following combinations: 


Solution 1 | Membrane Solution 2 
Species A AA...AA Species B 


The proportion of the total number of channels with one particular combine. 


tion is denoted by [A,B,_,]. Potassium ions are transferred from left to right 


by collisions between ions in solution 1 and the left-hand ends of the chains. 
Each collision makes all the ions in the chain move one place to the right, and 
one jon is given off to solution 2. The total rate, irrespective of labelling, at 
which ions are transferred from left to right will be denoted by «, and the rate 
in the opposite direction by 8. Since each such transfer involves the movement 
of one — charge through the Si as it is reasonable to suppose that 


where £,, is the potential difference between solution 1 and solution 2, and 
F, R and T have their usual significance (see Glasstone, Laidler & Eyring, 
1941; Hodgkin & Huxley, 1952a). This expression does not give the flux ratio 
for labelled ions, because a collision of A with a combination such as 4,B,_, 
merely has the effect of returning B to its original solution, and does not con- 
tribute directly to the flux of A passing through the membrane. The only © 
collisions which do transfer A to the right-hand solution are those in which A 
collides with the combination A,, B,. The frequency with which these occur is 
a[A,, B,], since [A,, B,] is the proportion of A,, B, to the total number of chains. 
A similar argument applies to the flux of B from right to left, so that the flux 


ratio must be Myy_ [A,B] 

By the same type of argument it follows that the rate at which any inter- 
mediate combination A,B,,_, is converted into A,,,B,_,, is «[A,B,_,], while 


the rate of conversion in the opposite direction is B[A,,,B,_,,]. In the steady 
state, these rates must be equal, so that — 


[Ansa _ a 
[A, 


Hence 
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Substituting in (6) the flux ratio becomes 


My,” \B 
My _{(Kh g 


The foregoing argument is unrealistic in at least two respects. In the first 
place it assumes a ‘knock-on’ type of transfer, similar to that in the mechanical 
model, but unlikely to occur in solution. This defect can be remedied by 
assuming that occasional vacancies arise when potassium ions dissociate from 
the ends of the chains, and that these vacancies are transferred through the 
membrane in a random manner by being filled in from adjacent sites. With 
somewhat more elaborate working, this modification of the hypothesis leads 
to a result similar to (8) except that the index is n (the number of sites) and 
not +1. On this basis the experimental finding that n =2-5 means that there 
are 2-3 potassium ions in line across the membrane. The second major 
weakness is the assumption that all the sites are occupied by ions. We have 
not worked out the general case of ‘unsaturated’ chains in full, but preliminary 
calculations indicate that the index in equation (8) is not constant unless the 
system is saturated, and that it is roughly, but not exactly, equal to the 
average number of potassium ions in each chain. __ 


DISCUSSION 
The main conclusions from our experiments are (1) that potassium movements 


_ Inaxons poisoned with dinitrophenol are strictly passive, (2) that the potassium 


permeability (or conductance) increases markedly when the membrane is 
depolarized, and (3) that the variation of flux ratio with driving force is of the 
kind expected in a system in which the ions are constrained to move in single 
file. The first result needs no special discussion since it is exactly what one 
would expect. The second raises once more the question of the nature of the 
permeability changes in excitable tissues. One possibility mentioned previously 
(Hodgkin & Huxley, 1952c) is that K+ ions cross the membrane over a bridge 
or chain of negatively charged particles. When the membrane potential is high, 
these particles are strongly attracted to the outside of the membrane, by 
virtue of their negative charge, and there are relatively few completed chains. 
When it is low they distribute themselves more evenly, and the number of 
complete chains is increased. Such a mechanism would also account for the 
flux ratio results, if it were assumed that two or three of the sites in each 
completed chain were normally occupied by K* ions. 

A different way of explaining the anomalous flux ratios is to imagine that 
K* ions cross the membrane through narrow tubes or channels. If these were 
little bigger than the hydrated potassium ion, there would clearly be a marked 


} 
f 
4.4 — 
- | 
4 
| 
be i 
@e 
al 
5 
> 
au 
x 


POTASSIUM PERMEABILITY OF NERVE 85 


interaction of the kind described for the mechanical model. Even in a 
relatively large tube, movement of one potassium ion might tend to sweep 
along a column of water, making it easier for other potassium ions to move in 
the same direction, and hindering movements in the opposite direction. There 
are almost certainly other ways of accounting for the interaction between 
potassium ions, but we have not succeeded in evolving a plausible hypothesis 
which does not incorporate the concept that’ movement of one ion tends to 
assist others to travel in the same direction. It may occur to the reader that 
K+ ions might be transported in groups of two or three by a polyvalent carrier. 
However, such a system would be unsatisfactory because it would require that 
partly associated carriers should move less easily than fully dissociated or fully 
associated carriers; and even with this improbable assumption it does not 
seem to account for the observed reduction in potassium efflux on increasing 
the external potassium concentration. — 

The experiments described in this paper help to explain why there is only 
a small increase in potassium influx during the passage of a nervous impulse. 
Hodgkin & Huxley (1952c) found that while there was reasonable agreement 
between the observed and calculated leakages of potassium during the spike, 
the influx observed with tracers was only about one-sixth of that calculated 
on the basis of independent transport. At the time, the discrepancy was 
thought to be connected with the fact that the apparent equilibrium potential 
for potassium did not obey the Nernst relation at low external potassium 
concentrations. It now seems likely that a more important factor is the inter- 
action between the influx and the efflux of potassium, which makes it difficult 


for external ions to enter against a predominant stream coming in the opposite 


direction. | 

Since the system which permits rapid sodium movements during the early 
part of the spike has many properties in common with the one which later 
allows potassium to traverse the membrane more freely, it is natural to wonder 
whether the single-file behaviour observed for potassium may not also apply 
to sodium ions. On the whole this does not seem very likely. If equation (2.0) 
applied to the sodium movements one would expect the passive efflux of 
sodium during the spike to be small compared to the influx. The observation 
(Keynes, 1951; Hodgkin & Keynes, 1955) that during the spike the sodium 
efflux is about two thirds of the influx, suggests that if there is any interaction 
between sodium ions it is not as powerful as for potassium ions. Hodgkin & 
Huxley (1952a) also obtained evidence supporting the independence of the 
sodium movements, but their experiments were concerned with net move- 
ments rather than with fluxes of labelled ions, and were not well suited to show 
up the type of interaction considered here. In terms of the theoretical model, 
the lack of interaction with sodium ions can be explained by assuming that 
the number of sites occupied in the sodium channels is sufficiently small for 
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the fluxes to be nearly independent. However, the evidence is not at all direct, 
and further work is needed to clear up this point. The most useful approach 
would be to measure sodium flux ratios under a voltage clamp-and to compare 
them with electrical measurements of H—Ey,, but this might be a somewhat 
formidable task. 


At present there is little to show whether the type of interaction ives’ | 


in this paper applies to the passive transport of other ions or molecules through 
cell membranes. In some cases there is clear evidence that it does not. Thus 
the movements of chloride through frog skin agree well with the requirements 
of independent transport (Koefoed-Johnsen, Levi & Ussing, 1952). Move- 
ments of glucose molecules through the human red cell are plainly not inde- 
pendent, although apparently passive, but here the interaction is of the kind 
in which the chance of a molecule entering the cell decreases when the external 
concentration is raised (Rosenberg & Wilbrandt, 1952; LeFevre, 1948). This is 
in the opposite direction from the interaction described by us. Another example 


_of interaction, again operating in the reverse direction from ours, is afforded 


by the surface of Micrococcus pyogenes, which allows a large exchange but 
little net transfer of phosphate under resting conditions (Mitchell, 1953). The 
only case which seems at all comparable is that of the movement of water 
through cell membranes, where the permeability coefficient calculated from 
net rates of water movement is about 8 times larger than that obtained from 
exchange experiments with heavy water (Ussing, 1953; Jacobs, 1952). It has 
been concluded that water does not cross the membrane by dissolving as single 
molecules, but flows in bulk, or at any rate in fairly large aggregates of 
molecules, through pores in an otherwise impermeable structure. Whatever 
the exact mechanism, it appears that movement of one molecule of water in 
the membrane is associated with the movement of others in the same direction. 


In this sense there is a formal analogy between the passage of water through | 


cell membranes, and the passage of a" ions ee the membranes 
of giant nerve fibres. i a 

1. The effects on the potassium fluxes of varying the membrane potential 
and external potassium concentration were investigated in giant axons from 
Sepia which had first been poisoned with dinitrophenol. 

2. The potassium conductance, calculated from the potassium fluxes, 
increased markedly when the membrane was depolarized with applied current. 

3. The passive nature of the potassium movements in fibres poisoned with 
dinitrophenol was established by the facts that 

(a) the direction of net movement was always down the ssstsehaanical 


gradient, 
(6) the influx and efflux were equal at an apparent equilibrium potential 
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which agreed with that calculated by the Nernst equation from the internal 
and external potassium concentrations. 

4. Evidence that the potassium movements are not independent, but that 
these ions interact in crossing the membrane, was provided by the observations 
that 

(a) under appropriate conditions an increase of external potassium at 
constant membrane potential reduced the potassium efflux, 

(b) the potassium influx at constant membrane potential was not propor- 
tional to the external potassium concentration, but increased more steeply, _ 

(c) the variation of flux ratio with driving force was much greater than that 
predicted on the assumption of independent movement. Thus the ratio of 
influx to efflux changed 2400-fold (1/60 to 40) as the electrochemical potential 
difference (ZH —H,) was altered from —50 to +30 mV. The change predicted 
for independence is 24 (1/7 to 3-3). ; 

5. The interaction between potassium ions is of the kind expected in a 
system in which ions move through the membrane in single file. 


We are indebted to Mr A. F. Huxley for helpful suggestions in connexion with the theory 
outlined on p. 83. 
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THE HETEROSYNAPTIC ACTIVATION OF MOTONEURONES 
DURING POST-TETANIC POTENTIATION 


By F. B. BESWICK anv J. M. EVANSON 
From the Department of Physiology, University of Manchester 


(Received 13 September 1954) 


Many workers have investigated the phenomenon of post-tetanic salaatiei 
of the monosynaptic reflex response discovered by Lloyd in 1949. Eccles & 
Rall (1951) have confirmed the original finding that the phenomenon is due to 
a process restricted to presynaptic elements. 

Lloyd (1949) demonstrated that facilitatory and inhibitory actions of a 
group I afferent volley were similarly potentiated, but it has always been 
assumed that the potentiated ventral root response originated in the ——— 
nymous motoneurone pool only. 

Jefferson & Benson (1953) endeavoured to assess the proportion of the 
motoneurone pool which could be activated during the phase of potentiation by 
comparing the ventral root discharge with the maximum antidromic spike 
which could be recorded on the divided root of the opposite side. Their method 
is valid only if the ventral root response during the potentiation represents the 
discharge of the motoneurones of the pool supplying a single muscle. But they 
produced evidence which suggested that, during the post-tetanic phase, the 
afferents from a muscle were capable of firing not only its own motoneurones, 
but also those of synergic pools. The work to be described provides a direct 
demonstration of this phenomenon. A preliminary report of part of this work 
has already appeared (Beswick & Evanson, 1954). 


EXPERIMENTAL TECHNIQUE 


Deseeulaans cats, with or without low spinal transection, were used throughout. In each experi- 
ment, anaesthesia was induced by nitrous oxide and maintained by open ether. A tracheal cannula 
was inserted and the carotid arteries prepared for occlusion. 

The obturator and femoral nerves were divided on both sides, and when only one limb was 
investigated the opposite sciatic nerve was cut. When ventral root records were to be taken, the 
operative procedure consisted of laminectomy (L5-S2) and subsequent decerebration by the 
trephine method, under ether anaesthesia, with dissection and division of all the peripheral nerves 
derived from the sciatic trunk whilst the ether was being eliminated. In experiments where 
records were taken from peripheral nerves, dissection of the nerves was followed by decerebration 
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after which the anaesthetic was discontinued. Recording was deferred until 2-3 hr after decere- 
bration to ensure elimination of the anaesthetic agents. 

In experiments in which the spinal cord was divided after investigation of the decerebrate state, 
ether anaesthesia of sufficient depth to prevent movement was rapidly induced before transection 
at the L3 segment. Time was again allowed for the ether to be eliminated completely before further 


records were taken. 


M.H:G. L.H.G. 


Fig. 1. Diagram illustrating the peripheral stimulating and recording technique used in 
these experiments, See text for full description. 


For peripheral stimulation and recording 3-4 cm of nerve was dissected out to permit the 


application of five electrodes, arranged as in Fig. 1. Otherwise, the technique was essentially simi- 
lar to that described by Jefferson & Benson (1953). 

The destination of the efferent impulses has been studied by taking simultaneous records from 
two of the divided muscle nerves of the cat’s hindlimb when only one has been stimulated. The 
investigation has been carried out using the nerves of the ankle extensors: medial head of gastroc- 


nemius (M.H.G.), lateral head of gastrocnemius and soleus (L.H.G.), the deep posterior muscles of the : 


leg (D.P.M. ee various 
of pairs. 

RESULTS 
One of the difficulties of peripheral stimulation and recording is that ice may 
be antidromic interference with the orthodromic volley. Therefore a quanti- 
tative analysis of results was not undertaken. At low shock strength the 
afferent volley is submaximal, whereas at high shock strength antidromic 
invasion of a large proportion of the motoneurone pool prevents orthodromic 
activation. Thus in order to obtain satisfactory monosynaptic responses it is 
necessary to choose the stimulus strength carefully in each experiment. 
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¥ The inset in Fig. 1 illustrates typical records taken separately from the 
nerve to M.H.G. and the nerve to L.H.G. when stimulating the 1.u.c. nerve at 
‘ twelve shocks per minute, which rate has been used for testing throughout 
r (Jefferson & Schlapp, 1953). The u.u.¢. record shows an initial large deflexion 
caused by the centrifugally conducted volley in the peripheral nerve. This is 
followed by the reflex discharge, the total latency of which (4 msec) allows for 
the presence of only one synapse in the reflex pathway (Renshaw, 1940). The 
absence of a peripherally conducted action potential in the m.u.G. nerve shows 
? that, at the optimum strength, there is no shock-spread to that nerve. 

| For tetanic stimulation, the shock strength was approximately doubled to 
overcome possible refractoriness of the afferent fibres (Jefferson & Benson, 
1953). On cessation of the rapid stimulation the shock was reduced to its 
previous strength for testing. 

A repeated finding in the present series of experiments has been that after 
30 sec periods of tetanic stimulation at a frequency of 666 c/s reflex discharges 
in response to testing stimuli have been recorded both in the stimulated nerve 
and in the nerves to certain synergists. The term ‘irradiation’ has ‘se used to 
denote this heterosynaptic firing of motoneurones. 

Fig. 2 illustrates a typical experiment in which the nerve to the M.H.G. was 
stimulated and simultaneous records taken both from this nerve and the nerve 
to the L.u.G. The control shows a reflex discharge in the stimulated nerve only. 
After the period of tetanic stimulation there is potentiation of the responses 
in the M.H.G. nerve and a reflex discharge appears in the nerve to the L.u.c. 

Fig. 3 A, B expresses graphically the results of a similar experiment in which 
irradiation between L.H.G. and M.H.G. and vice versa was evident during the 
phase of potentiation. It is noteworthy that in both instances the response in 
the unstimulated nerve has disappeared before the effects of tetanization have 
worn off. This is typical of all results. 

Heterosynaptic testing using afferent volleys in the untetanized nerve failed 
1 to reveal any increased effectiveness of this presynaptic pathway or raised 
excitability of the heteronymous motoneurones. This shows the localization of 
the effect to the tetanized nerve and the absence of shock-spread during tetanus. 
’ A total of eleven animals was used. Irradiation was shown to occur from the 
L.H.G. fibres to the M.H.G. pool in every instance. In eight, irradiation in the 
reverse direction was demonstrated. Activation of motoneurones of the D.P.M. 
pool by plantaris afferents was only seen once in four animals in which it was 
; sought, but these animals showed that irradiation does take place between all 
remaining pairs of ankle extensor nerves. In three, bilateral investigations 
? were performed and the phenomenon was shown to be present an both sides. 
, Spinal transection at the level of the L3 segment had no apparent effect on 
the irradiation previously observed in the animal in the decerebrate state; the 
phenomenon is not therefore a characteristic of that state. 
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Fig. 4 A, B illustrates another experiment in which, after tetanization, 
potentiation and irradiation from both branches of the gastrocnemius nerve 
occurred. After peripheral recording was completed the.L7—S 2 ventral roots 
were divided and those of the L7 and 81 segments were placed on the same 


Fig. 2. Records obtained from the M.#.G. and L.H.G. nerves during an experiment in which the 
M.H.G. nerve alone was stimulated. The amplification of the m.H.c. record was reduced in 
order to record the tetanus. It was then increased during the testing period so that the 
lower microvolt scales apply to all records taken after the tetanic stimulation. Zero time is 
the time of cessation of tetanic stimulation. 


pair of recording electrodes. Fig. 5 shows the time course of this potentiation 
after tetanizing the nerves to the M.H.G. and L.H.G. together and individually. 
The interrupted line represents the algebraic sum of the potentiation curves 
obtained when the nerves were stimulated separately. This is similar to 
certain of the results reported by wieeocspea & Benson (1953, figs. 9 and 10, 
p. 391). 

The experiments so far described give no indication whether cells nities’ 
heterosynaptically by afferents from muscle ‘A’ (e.g. L.a.c.) during the post- 
tetanic phase are in fact the same cells which may be activated homosynapti- 
cally by afferents from muscle ‘B’ (e.g. M.H.c.) when testing under standard 
conditions. That this is so has been shown by experiments such as that 
illustrated in Fig. 6. Control ventral root responses were obtained by stimu- 
lating the synergic nerves M.H.G. (square) and L.H.G. (circle) separately. Tests 
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30 sec tetanic stinkulation to L.H.G. nerve at 666 


J 
1:0 3-0 
Time after tetanus (min) 
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Time after tetanus (min) 


Fig. 3. Graphical representation of an experiment similar to that illustrated in Fig. 2 showing 
time course of the potentiation of the stimulated pathway and the appearance of a response 
in the unstimulated nerve. Both records were obtained from the same decerebrate animal. 
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were then carried out with the stimulus to L.u.c. preceding that to M.H.G. by 
2-3 msec. Control records (12/min) of the facilitated M.H.G. response were 


obtained (triangle). 
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Fig. 4. Peripheral recording in the decerebrate animal. See text for full discussion. 
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Fig. 5. Records obtained from the divided L7 and $1 ventral roots after completion of the 
records reproduced in Fig. 4A, B. See text for full discussion of these results. | 


After 30 sec tetanization of the nerve to 1.H.c. alone, testing was repeated 
at 6 shocks/min using the two shocks separated by 2°3 msec as before. Between 
these tests, single stimuli were applied to the nerve to M.H.G. and the response 
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recorded. They showed that these M.H.c. responses remained at the pretetanic 
level throughout the experiment (i.e. equal to the square in Fig. 6). 

In Fig. 6 the upper curve shows the course of the potentiation of the response 
to the 1.H.G. (first) stimulus and the lower curve the response to the M.H.G. 
(second) stimulus (triangles). It may be seen that the L.H.G. responses follow 
the usual pattern, whereas the M.H.G. curve falls to zero as the upper reaches 
its maximum ; the lower curve rises to its previous level only as the potentiation 
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Time after tetanus (min) 

Fig. 6. Ventral root recording. Graph illustrating activation of heteronymous motoneurones 
during post-tetanic potentiation. The pretetanic control values represent the average of 
ten responses. (*) The triangles represent the M.H.G. response when succeeding 1.H.G. by 
2-3 msec. 
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wanes. This may be interpreted to mean that the motoneurones recruited into 
the L.H.G. ventral root response during the post-tetanic phase include all the 
cells which respond to testing of the M.H.c. nerve alone. When the experiment 
has been repeated tetanizing the M.H.G. nerve, using different time intervals 
up to 12-6 msec between the stimuli, and recording from the L7 instead of the 
S1 VR corresponding results have been obtained, : 


va 
ng 
# 
\ 
L.H.G. 
‘e 
x 
“= 
A 
a 
. 


eS F. B. BESWICK AND J. M. EVANSON 


DISCUSSION 


Lloyd (1943a) demonstrated by peripheral stimulation and connie that the 
monosynaptic response is reflected into the stimulated nerve only. Subse- 
quently by direct comparison of the reflex response to muscle stretch and to 
electrical stimulation of the same muscle nerve, he proved the myotatic reflex 
to be mediated by the monosynaptic pathway (19430). 

Granit & Strém (1951) studied the excitability changes of isolated moto- 
neurones by recording from single fibres of the ventral root. In their experi- 
ments the peripheral nerves were intact and they investigated the effect on a 
single gastrocnemius motoneurone of single test shocks applied separately to 
the medial or lateral branch of the gastrocnemius nerve, with and without 
background facilitation evoked by stretching the muscle. In one instance only, — 
when the muscle was unstretched were test shocks applied to either the nerve 
to M.H.G. or L.H.G. capable of firing the same motoneurone monosynaptically. 
However, when testing against a background of facilitation produced by 
stretching the muscle, the most common finding was that a single gastroc- 
nemius motoneurone could be activated by afferent impulses from either the 
medial head or the lateral head of the muscle, but that it responded much 
more readily to stimulation of one nerve than to stimulation of the other. 

Using a myographic technique, Cohen (1953) showed that, in the decere- 
brate cat, the reflex response to 3 mm stretch of a small strip of quadriceps 
muscle was completely localized but that ‘...under conditions of increased 
cord activity the same 3 mm stretch stimulus produced a spread of the reflex 
response to include the rest of the muscle. ...’ 

These two groups of experiments, in which background activity within the 
cord presumably altered the excitability of the ventral horn cells, provide 
evidence that under such circumstances the monosynaptic response does not 
remain localized to homonymous motoneurones. 

The different grades of excitation attributed to the large group I muscle 
afferents, ranging from facilitation of synergic motoneurones (Lloyd, 1946) 
to activation of homonymous motoneurones, might be explained in terms of 
differing distribution densities of synaptic knobs on the same motoneurone. 
Thus it may be supposed that in the experiments of Granit & Strém (1951), and 
of Cohen (1953) some collateral fibres were connected to synaptic knobs 
insufficiently dense in distribution to activate motoneurones except in the 
presence of other converging excitatory influences which raised their excita- 
bility. 

The phenomenon of post-tetanic potentiation of the monosynaptic response 
in the spinal cord has been shown to be due to presynaptic changes rather than 
to any alteration in threshold of the motoneurones themselves (Lloyd, 1949). 
It will be recalled that in the experiments here described it was shown that 
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there were no changes in the excitability of the motoneurone pool. Therefore it 
may be presumed that the discharge of the synergic motoneurones in the post- 
tetanic phase resulted from increased effectiveness of the presynaptic impulses. 
Thus synaptic knobs of a distribution density sufficient only to facilitate a 
motoneurone under resting conditions could discharge that cell in the post- 
tetanic phase. | 

Fig. 5, obtained by separate and simultaneous post-tetanic testing of the 
M.H.G. and L.H.G. nerves, does not demonstrate the presence of occlusion. 
Previously irradiation had been shown between both nerves during the post- 
tetanic phase (Fig. 4 A, B), and experiments of the type illustrated in Fig. 6 
provide convincing evidence that heteronymous motoneurones fired during 
post-tetanic potentiation include cells comprising the discharge zone of the 
synergist. Therefore in all probability some occlusion had taken place but was 
masked by facilitation. Generally, it is difficult to assess the relative proportion 
of facilitation and occlusion by comparison of summated and experimental 
curves, but in experiments where the summated curve exceeds the experi- 
mental one (e.g. Jefferson & Benson, fig. 11, p. 392, 1953) the explanation 
seems to be that there is more occlusion than facilitation. _ 

Another important aspect of the present findings from an experimental 
point of view is that the potentiated ventral root response cannot be taken to 


represent the discharge of motoneurones supplying a single muscle. It appears 


therefore that any assessment of the fraction of the pool which is fired during 
potentiation based on the size of the ventral root response may be an over- 
estimate. Thus, Jefferson & Benson’s estimate that in their experiments 80% 
of the motoneurone pool could be fired during post-tetanic potentiation may 
well be too high. 

It follows from these findings that, during testing under post-tetanic 
conditions, motoneurones of synergic pools may be fired in preference to some 
homonymous motoneurones. This could be interpreted to mean that not all 
the motoneurones of a pool have effective monosynaptic connexions. The 
functional significance of the findings remains obscure. 


SUMMARY 

1. By use of a peripheral stimulating and recording technique the destina- 
tion of the reflex discharge evoked by muscle afferent stimulation during post- 
tetanic potentiation has been investigated in decerebrate and low spinal cats. 

2. The localization of the mass monosynaptic reflex to the stimulated 
muscle nerve, readily demonstrable prior to tetanization, is no longer evident 
during the post-tetanic phase. | 

3. In the case of the nerves to the ankle extensors, irradiation of the mono- 
synaptic response during post-tetanic potentiation occurs consistently between 


the medial head of gastrocnemius and lateral head of gastrocnemius nerves, 
7 PHYSIO. CXXVIII 
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and is present, though less regularly, between these nerves and the nerves to 
the plantaris and to the deep posterior muscles of the leg. The phenomenon 
occurs‘in the decerebrate animal before and after low spinal transection. — 
_ 4, The heteronymous motoneurones recruited into the potentiated ventral 
root response include cells in the discharge zone of the synergist. 

5. It is concluded, therefore, that estimates based on the size of ventral 
root responses during the post-tetanic phase may be unreliable. 

6. On the basis of these findings it is suggested that not all motoneurones of 
a muscle pool have effective monosynaptic connexions. 
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THE PROPORTION OF CILIARY MUSCULAR FORCE 
REQUIRED FOR ACCOMMODATION 


By E. F. FINCHAM 
From the Institute of Ophthalmology, Judd Street, London, W.C.1 


(Received 21 September 1954) 


There is general agreement that gradual sclerosis of the substance of the 
crystalline lens causes the progressive reduction of the amplitude of accom- 
modation of the eye with age. It is thought that the other components of the 
mechanism, the ciliary muscle, the lens capsule and the suspensory fibres of 
the zonule of Zinn, remain functionally unchanged, at least until there is 
evidence of general senility in the body. The manner in which this sclerosis 
will restrict the responsiveness of the lens to ciliary muscle contraction must 
depend upon the way in which the change in the curvature of the lens is 
brought about. Thus there have been two schools of thought regarding the 
relation of ciliary muscle contraction to change in the form of the lens at 

Both schools agree that contraction of the muscle causes a reduction in the 
diameter of the ring-shaped ciliary body from which the lens is suspended. 
Thus as the muscle contracts during accommodation the tension of the sus- 
pensions is relaxed. They do not agree, however, as to the manner in which 
this reduction of tension causes an increase in the curvature of the lens. 
Helmholtz (1855) held the view that the lens is elastic, and when the muscle is 
not contracted, is held in a flattened condition by the tension of the suspen- 
sions. When the muscle contracts the elastic lens then assumes a more convex 
form. However, the substance of the young lens is quite soft and relatively 
inelastic. On the other hand, the enveloping tunic or capsule of the lens has 
_ marked elastic properties, Accordingly, the other view (Fincham, 1925) con- 
siders that contraction of the ciliary muscle with consequent relaxation of the 
tension of the suspensory ligaments gives freedom to the lens capsule to mould 
the lens substance into the accommodated form. 

Thus the principal difference between the Helmholtz and Capsular theories 
is this: in the Helmholtz theory the relaxation of tension in the suspensory 
ligaments which occurs during accommodation was thought to permit the 
elastic lens substance, which had been deformed in the sata a. 
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to return to the more convex-free form. According to the capsular theory, on 
the other hand, such relaxation allows the highly elastic capsule to deform the 
lens substance from its unaccommodated state to the greater convexity 


The adherents of Helmholtz’s theory (Hess, 1903; Gullstrand, 1909; Fuchs, 
1921) have considered that maximal accommodation depends upon the elas- 
ticity of the lens substance, which governs its ability to return to its free, i.e. 
accommodated, form when the tension under which it is suspended is reduced. 
The loss of accommodation with age must be owing, according to this theory, — 
to loss of elasticity and a gradual flattening of the lens substance. This view 
implies that with increasing age the proportion of the total ciliary muscle 


_ power required to produce full accommodation will be reduced. Gullstrand 


has said that when, in presbyopia, the amplitude of accommodation is only, 
say 2 dioptres, the muscle contraction required to reach the near-point is not 
more than that necessary to produce 2 dioptres in youth, so that most of the 
ciliary muscle power must be latent. 

The capsular theory, on the other hand, leads to the conclusion that as the 
lens substance becomes harder with age, greater force from the elastic capsule 
will be required to produce a given change of curvature. This force, in view of _ 
the elasticity of the supensions, can only be applied by greater contraction of | 
the ciliary muscle. Consequently, a force approaching the full capacity of the 
muscle may be required to produce maximal accommodation whether it be 
some 15 or 16 dioptres in youth or only 1 or 2 dioptres in presbyopia. This view 
(Fincham, 1932) explains why we are unable to maintain our full accommoda- 
tion for more than a short time and why the presbyope requires optical aid, 
although his near-point may not lie outside his near working distance. 

The work of van der Hoeve & Flieringa (1924) appears to support the hypo- 
thesis that much of the muscle power becomes latent as age advances. They 
made experiments on the effect of partial cycloplegia upon the positive relative 
amplitude of accommodation, i.e: the amount by which accommodation can 
be increased beyond that which normally accompanies a given convergence. 
Their results, which were obtained subjectively, led them to conclude that the 
ciliary force required to raise the physical accommodation 1 dioptre is constant. 
To this unit they gave the name myodioptre. In a subject aged 31, they found 
the full force of the muscle to be 24 myodioptres, although only 9 were employed 
to produce maximal accommodation. On the other hand, Goldmann & Asch- 
mann (1946), Aschmann (1947) and Goldmann (1948) found strong evidence 


_ for the capsular theory. They made experiments on the relative efficacy of the 


ciliary muscle in subjects with unilateral artificial paresis, from which they 
concluded that the excess of muscle power over the physical amplitude of 
accommodation was much less than that demanded by the Hess—Gullstrand 
version of the Helmholtz theory. 
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The methods which have been used in the investigation of this problem in 
the past have had to depend upon the measurement of the subjective near- 
point which is unreliable as a means of measuring total accommodation. 
Moreover, some uncertainty must arise from the need to rely upon the subject 
voluntarily making his maximum effort at the moment the test is made. In 
the study which is described in this paper recourse has been made to a method 
of inducing accommodation by stimulating convergence of the visual axes 
(Fincham, 1951). The need for voluntary effort by the subject to focus a 
fixation mark is thus eliminated. The actual change in the optical power of the | 
eye as accommodation occurs has been measured objectively upon a constant 
portion of pupil, so that changes in pupil size do not affect the results. 

The effects both of paresis and artificial stimulation of the ciliary muscle, 
produced by the action of drugs, have been studied by comparing the accom- 
modative response to varying degrees of convergence under these conditions, 
with those which occur when the muscle is in its normal state. The results 
which are to be discussed throw light upon our newt of the mechanism 
by sans accommodation is brought about. 


METHOD 

Apparatus 
In these experiments it was required to measure those changes in accommodation which are. 
stimulated by the act of convergence of the visual axes. Therefore the apparatus consisted of a 
combination of a special form of haploscope to stimulate convergence, with an objective optometer 
(Fincham, 1937a) with which the accommodation was measured. The general scheme of the 
apparatus is shown in Fig. 1. The haploscope differed i - some respects from the form of instrument 
generally employed in experiments on a converg relationships. It was 
necessary to eliminate the effects of changes in the vergence of the light reaching the retina (to 
which accommodation reacts). This was done by limiting the area of the pupils through which the 
light from the fixation marks passed to approximately 0-5 mm diameter. Thus the fixation marks 
were seen with pinhole vision and remained sharp, except for diffraction effects which do not 
stimulate accommodation. The principle of the fixation device is shown in Fig. 2, A’, which is the. 
image of the aperture A, forms the effective stop in the pupil which restricts the pencils of light 
from the fixation object O. Another variation that was made from the usual form of haploscope, 
was that stimulation of convergence was brought about by movement of the left fixation system 
only, while that for the right eye remained aligned with the axis of the optometer, which was 
fixed. (As innervations of accommodation and convergence are binocular, asymmetry of fixation 
should not affect the results of the experiment.) 

The measurements of accommodation were made on the right eye. The fixation system which 
is normally incorporated in this optometer was modified to give the necessary narrow pencils of 
light and provided the fixation object for the right eye. For the left eye, a similar system was 
provided, which was attached to the optometer and was capable of lateral movement to allow for 
various interpupillary distances; it could also be rotated on « vertical axis about the centre of 
rotation of the eye, as shown in Fig. 1. Graphical calibrations were prepared relating the settings 
of the rotatable element with convergences for various interpupillary distances. 

A means of centring the optometer upon the pupil of the eye is provided in this instrument. 
Centring of the fixation system for the left eye was determined by the interpupillary distance and 
the height of the left eye relative to the right. An adjustment had to be provided to move the left 
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Fig. 1. General scheme of apparatus. Oz, fixation object for right eye; O,, fixation object for 


mirror; M.M., surface-silvered mirrors; M.T7'., surface-silvered mirror, tiltable about a 
horizontal axis; OPT'., axis of optometer. ; 


Fig. 2. Optical system of fixation device. D, diffusing screen; 7’.M., transparent pellicle mirror ; 
OPT., axis of optometer. The aperture A is imaged at A’; the fixation object 0 is imaged at 0’. 


left eye; O, centre of rotation of fixation system for left eye; 7'.M., transparent pellicle 
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ayotinns vertically to correct for differences in height of the eyes, a common anatomical asymmetry. 
To ensure that the narrow beam of light from the left fixation system remained within the area of 
a small pupil, even though the eye rotated through large angles, it was necessary for the axis of 


rotation of the system to pass through the centre of rotation of the eye. This point is not fixed 


in any subject and may vary in position from one subject to another. The position used in 
these experiments was a mean of 15-5 mm behind the corneal vertex (George, Toren & Lowell, 
1923). 

The fixation object for each eye consisted of a white disk (subtending an angle of about 1°) with 
a small black spot in the centre. To verify that the single image seen by the subject resulted from 
the fusion of the images seen by each eye, the customary right and left identification marks were 
provided. To allow for small vertical muscle imbalances an adjustment for the height of the left 


image was provided by making the mirror M.T7’., Fig. 1, tiltable about a horizontal axis. Many. 
subjects were found to be unable to maintain fusion of the images during convergence, although 


apparently they had normal binocular vision. It is probable that the unnatural visual task of con- 
verging to fuse the Se calls for unusually 
highly developed fusion faculty, 

Procedure 


In carrying out the experiments the left fixation system was set at a separation from the 
optometer axis equal to the interpupillary distance, the subject’s head was held in the head-rest 
of the instrument, and the distance adjusted to bring the axis of rotation of the left fixation system 
to the correct position, i.e. 15-5 mm behind the vertex of the cornea. This system was then rotated 
to the parallel position and the subject was instructed to view the fixation objects and if necessary 


adjust the apparent height of the left one; fusion then usually occurred and a reading of the 
refraction of the right eye was made while no convergence was in play. The left fixation system — 


was then rotated to predetermined angles, thus stimulating convergence to 1, 0-5, 0:33 m, etc., 
the refraction of the right eye being measured for each condition. The convergence was continually 
increased in this way until no further accommodation changes occurred. The limiting measure- 
ment agreed closely with the maximum accommodation as determined by measurement of the 
subjective near-point. 

As it was required to study the effect of age upon the rate at which accommodation was in- 
creased by increasing convergence, it was necessary to make this experiment upon a wide age- 
spread of subjects. It is known that individual factors other than age, e.g. heterophoria, may 
cause differences in the relation between the two functions, but the influence of these factors on 
the result tends to be eliminated when a sufficiently large number of cases is studied. 

In order to test whether the whole force of the ciliary muscle was required to produce maximal 
accommodation, similar sets of measurements were made during slight paresis of the muscle by 
homatropine and also under the effects of eserine. The dose of homatropine was generally 1 drop 
of 0-05% solution instilled into the conjunctival sac of both eyes, but in one subject (P.8.) the 
effect of this dose was too great and 0-01 % solution was used. On the other hand, in a coloured 
subject (H.A.St J.) a stronger (0-1 %) solution was needed to cause slight reduction in accommoda- 
tion. Measurements of the refraction during convergence were made at 5 min intervals after the 
instillation of the drug; the series which is recorded was taken as soon as any reduction in accom- 
modation relative to convergence was detected. In most cases between 15 and 30 min was 
required for this effect. Eserine was used to enhance the response of the ciliary muscle to con- 
vergence, and thus to test the possibility of increasing accommodation beyond the normal 
maximum. The effect of eserine in contracting the pupil caused some difficulty in this experiment 
as the optometer cannot be used on eyes with pupils of less than 2:5 mm diameter. For these 
experiments, therefore, subjects with naturally large pupils were selected and doses of only 1 drop 
of 0-05 % eserine solution (instead of the usual clinical strength of 0-5%) were given. This selection 
automatically pant from the experiments presbyopes, who normally have small pupils. 
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RESULTS 


Sixteen subjects found by preliminary tests to have a sufficiently good fusion 
faculty were selected for these experiments. In every case it was found that 
increases of convergence were accompanied by increases of accommodation. 
The relation of the two functions varied with the age of the subject; in older 
subjects not only was the maximum lower but the rate of increase of accom- 
modation was less. This difference is well seen in Fig. 3 where results of the 
experiment on three subjects aged 23, 41 and 50 have been plotted. The slope 
of the curve appears to be characteristic of the age of the subject, and in 
Fig. 4 this is confirmed. In this graph, the tangent of the angle of the line 
relating accommodation to convergence is plotted against age in fifteen subjects. 
It will be noticed that one of these (E.F.F., the present writer) appears twice. 
The first result was made in 1940, the second in the present investigation, and 
these are the only measurements made on a single individual over a period of 
time. 

The experiment on the effect of slight paresis of the ciliary muscle by homa- 
tropine was made on subjects of ages varying from 28 to 48 yr. The results 


are shown in Figs. 5 and 6. In no case was a reduction of accommodation 


relative to convergence detected without a corresponding reduction in the 
maximum of accommodation. The effect of eserine was tested on four subjects 
with the results shown in Table 1. In the case of only one of these subjects 
(P.S.) was it possible to continue increasing convergence until accommodation 
remained unchanged. This result is shown in Fig. 7. In other cases the effect 
of the drug on the pupil was rapid, and with the added stimulus of convergence 
the pupil became too small to allow readings to be taken. It cannot be pre- 
sumed that any of these results shows the effect of the full force of the ciliary 
muscle, because in order to avoid great contraction of the pupil only very small 
doses of eserine were given. 

It should be emphasized that the increase in accommodation measured in 
these four cases under eserine was a true gain in optical power and not an 
effect of increased depth of field due to pupil contraction. 


DISCUSSION 
Total power of the ciliary muscle 
No attempt has been made in this work to assess the total power of the ciliary 
muscle to produce accommodation in the presence of an ideally responsive 
crystalline lens. Such assessments as have been made in the past were based 
upon certain assumptions arising from Helmholtz’s theory of accommodation. 
As the power of the muscle can only be measured by its effect upon the lens, 
its consideration as a separate entity is justified only if the muscular contrac- 
tion is always proportional to the change in dioptric power of the eye. This 
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Accommodation (dioptres, metres~) 


K.L. (50) 


1 
Convergence (metres) 


Fig. 3. Accommodation induced by convergence. Results on three subjects of different ages. 
Both the maximum and the rate of increase of accommodation relative to convergence 
become less with age. 
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» Sine (a00-Big- 3) plotted against age in fifteen subjects. 
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would be the case if Helmholtz’s theory were correct, for the ultimate force 
producing the increase in convexity of the lens would be contained within the 
lens itself, and the role of the muscle would be only to allow this force to 
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Fig. 5. Effect of slight paresis of the ciliary muscle upon accommodation induced by convergence 


operate. If, on the other hand—as the age of the subject advances—the muscle 
is called upon to do more work for a given change of convexity of the lens, 
then the power of the muscle cannot be measured by instruments which record 
the number of dioptres of accommodation. 
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The increase of accommodation with increasing convergence i 
(a) The influence of age. These experiments have shown that when the con- 


trolling influence of the vergence of the light at the retina is removed, con- 
vergence of the visual axes causes the accommodation to be increased by an 


_ amount which, in young subjects, is sufficient to focus the eyes to the distance 


for which they are converging. At all ages convergence, when sufficient, causes 
the eyes to accommodate for the near-point. As age advances not only does 


1 | L 
Convergence (metres“) Convergence (metres) 
Fig. 6. Effect of slight paresis of the ciliary muscle upon accommodation induced 
by convergence. 


the dioptric value of the near-point become less but the rate of increase of 
accommodation in relation to convergence is reduced. This second point is 
brought out by the graph (Fig. 4) where the slope of the line relating accom- 
modation to convergence in fifteen subjects is plotted against their age. 

(b) Relationship to accommodation theory. The reason for the change in the 
slope of the line with age, shown in these experiments, may be that more con- 
traction of the muscle is required to produce a given change in the gradually 
hardening lens, If the Hess-Gullstrand interpretation of the Helmholtz theory 
were correct we should expect the curve relating induced accommodation to 
convergence to have the same slope throughout life and merely be shortened 
as the near-point of accommodation recedes. We must conclude therefore that 
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the hypothesis of a unit of ciliary muscle power, the myodioptre, which is 
obtained by measuring the effect upon the lens of the muscular emesis 
and is constant throughout life, is invalid. 


P.S. (30) 
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Fig. 7. Effect of eserine upon the accommodation induced by convergence. 


TaBLe 


Age under eserine 
Subject (years) (dioptres) (dioptres) 
A.F.D. 27 8°25 10-5 
H.AStJ. 28 6-8 9-25 
PS. 30 7-3 9-5 
C.D. 35 5-25 6-7 

Experiments with homatropine 


The experiments on the effects of homatropine test whether maximal con- 
traction of the ciliary muscle is required to produce full accommodation at all 
ages. Acceptance of the Helmholtz theory entails the belief that a gradually 
diminishing part of the total power of the muscle is used as the amplitude of 
accommodation decreases with age, so that in presbyopic eyes most of the 
muscle force remains latent. Fuchs (1921), who held this view, thought that 
the total power of the muscle was sufficient to produce 15 to 20 dioptres of 
accommodation in youth and that the muscle power was maintained through- 
out life. If this were the case a subject of 48 years of age with an amplitude of 
accommodation of 2 dioptres would use only one-tenth of the power of his 
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ciliary muscle. As Duane (1925) pointed out, if this were true the effect of a 
cycloplegic in this case would not be manifest until it had paralysed nine-tenths 
of the power of the muscle; not till then would that small part of the total 
muscle force required to produce accommodation be affected. We should there- 
fore expect that to affect the near-point larger doses of the cycloplegic would 
be necessary in older subjects than in the young, in whom more of the total 
power of the muscle is effective, and that minimal doses of cycloplegic should 
leave the near-point of older subjects unaffected. Duane observed that this 
was not in accordance with clinical experience, and it does not agree with the 
present results. 3 
Minimal amounts of paresis in a ciliary muscle receiving its normal nervous 
signals from the central nervous system must lower the force exerted by the 
muscle at all values of convergence, so that the slope of the graph relating 
- accommodation to convergence must diminish. If, however, Helmholtz were 
right and the whole force of the muscle is not required to produce maximal 
_ accommodation, slight paresis should not affect the near-point. The graph 
relating accommodation to convergence would be reduced in slope, but should 
reach the same maximum when sufficient convergence is exerted. The results 
show that this is not the case, for whatever the age of the subject, as soon as 


any effect of paresis appeared, causing a reduction in the slope of the graph, 


the maximum of accommodation was reduced as well. 

Owing to uncertainty regarding absorption and effect of the drug, it was not 
always possible to adjust the dose—or the time of its action—so that very 
slight effects could be studied. However, the results obtained on the subject 
L.C.T. (aged 41 yr, normal amplitude of accommodation 4 dioptres) show 
a good example of the effect (Fig. 6). In this case reaction to the drug was 
first recorded when it had caused the ratio of accommodation to convergence 
to be reduced by about 20%. At this point the total accommodation was then 
found to be reduced from 4 to 3-4 dioptres, thus approximately the whole of 
the normal power of the muscle must be required to produce full normal 
accommodation. 

Experiments with eserine 

Since the loss of accommodation with age is generally attributed to lens 
hardening it might seem impossible for eserine to increase the maximal power 
of the eye. However, there is no evidence that the lens substance could not at 
any age be moulded into a more convex form if the capsule were given the 
necessary freedom. We know that the lens removed from the eye, and thus 
freed from all tension, has curvatures which are at least as great as the average 
of those found in the fully accommodated eye of the same age. The radius of 
curvature of the anterior surface of a lens removed from a freshly excised eye 
of a man of 65 yr was found to be 9 mm (Fincham, 1932). This value may 
well represent a greater optical power than the eye was capable of producing 
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by voluntary accommodation. It is not uncommon to find the radius of this 
surface to be 12mm in situ in the unaccommodated eye, and a change of radius 
from 12 to 9 mm is consistent with accommodation of more than 2 dioptres, 
whereas a person of 65 usually has an amplitude of accommodation of con- 
siderably less than 1 dioptre. 

Eserine appeared to enhance the response of the ciliary muscle to the stimulus 
of convergence so that the ratio of accommodation to convergence and the 
maximum accommodative power of the lens were increased. The importance 
of the result was not merely that the maximum of accommodation was reached 
with less convergence effort as may have been expected, but that the maximum 
was also considerably increased. This ability of the eserinized ciliary muscle to 
exceed the normal physiological response is comparable to the phenomenon 
recorded with the gastrocnemius muscle by Brown, Dale & Feldberg (1936). 

_ Before assuming, however, that this increase of power was caused by an 
increased convexity of the lens it is necessary to examine another possibility. — 
The effect of additional contraction of the ciliary muscle will be to reduce still 
further the tension under which the lens is suspended, and Hess (1896) has 
shown that with high efforts of accommodation the lens suffers some displace- 
ment. This effect was taken by Hess and later by Gullstrand (1909) to be evidence 


that the muscle was capable of contracting beyond the amount to which the ~ | 


lens could respond. Hess showed that the displacement was always in the 
direction of gravity, i.e. downward when the visual axis was in the horizontal 
plane, and forward toward the cornea if the visual axis was directed vertically 
downwards. This forward movement of the lens increases the optical power of 
the eye, so that the near-point is slightly closer than normal when the head is 
held forward with the eyes directed downward. Hess found that the lens 
moved foward by 0:15 mm and Fincham (19375), using the slit-lamp, found 
that the depth of the anterior chamber of a fully accommodated eye of a young 
subject was 0-2 mm less when the visual axes were directed downwards, than 
when horizontal. Calculation shows that if, in an eye accommodated by 
8-5 dioptres, the lens were moved forward by 0-25 mm the increase in power 
of the eye would be only 0-277 dioptre, and a forward movement of as much 
as 1 mm, which is improbable, would cause an increase of 1-78 dioptres. 

In the experiments described in this paper the eyes were always in the normal 
position with the visual axes horizontal, so that any displacement of the lens 
by gravity would probably have been perpendicular to the axis and not forward 
toward the cornea. Such a movement would result primarily in astigmatism. 
In order to detect this the fully accommodated eserinized eye was measured 
_in both the horizontal and vertical meridians but no appreciable astigmatism 
was found. The actual changes in the curvature of the lens surface can of 
course only be proved by measurement of the third Purkinje image. Un- 
fortunately such a demonstration was not possible in the present experiments — 


‘io 
4 
& 
As 
a 
q 
4 
4 
og 
4 
2 


CILIARY FORCE AND ACCOMMODATION 111 


because of the effect of eserine in contracting the pupils. Nevertheless, the 
arguments above seem to point unequivocally to the conclusion that the 
accommodation additional to the normal physiological maximum, which is 
brought about by eserine, is the result of increased curvature of the lens, and 
should be regarded as an extension of the normal mechanism. 

These experiments with drugs have shown that if the ciliary muscle is 
weakened at all, the amplitude of accommodation is reduced, and that if the 
contraction of the muscle is enhanced, accommodation is increased beyond the 
normal maximum, It appears, therefore, that maximal accommodation is 
determined by the degree of contraction of the ciliary muscle as well as the 
flexibility of the lens substance. At the physiological near-point as well as at 
intermediate states of accommodation, the resultant power of the eye is 
governed by a condition of balance between the freedom given to the capsule 
by the contracting muscle and the resistance of the lens substance to deforma- 
tion by the capsule. As age increases this resistance steadily becomes — 
until all accommodation is lost. 


SUMMARY 


1. Apparatus has been designed to stimulate accommodation of the eye by 
convergence alone and eliminate the clues normally received from changes in | 
vergence of the light at the retina. | 

2. It was found that under these conditions the physiological maximum of 
accommodation can be induced by convergence. 

3. The rate of increase of accommodation with increasing convergence it is 
reduced with age. This appears to be caused by the need for Sener ciliary 
force to produce a given amount of accommodation. 

4, Artificial paresis of the ciliary muscle sufficient to produce the slightest 
reduction in accommodation relative to convergence also causes the maximum 
of accommodation to be reduced at all ages. Therefore, maximal accommoda- 
tion requires the maximal force of the ciliary muscle. 

5. The effect of eserine is to enhance the contraction of the ciliary muscle 
accompanying convergence. This results in an increase of accommodation 
relative to convergence. 

6. Under eserine the maximal accommodation is increased above the 
‘physiological maximum. Three cases between the ages of 27 and 30 showed 
an increase of more than 2 dioptres. 

7. These findings are in accord with the capsular theory of the mechanism. 

8. The amplitude of accommodation is not limited solely by the hardness 
of the lens substance. At the physiological maximum there is a condition of 
balance between the freedom given to the capsule by the contracting muscle 
and the resistance of the lens substance to deformation. 
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THE INTERACTION OF INSULIN, OESTRONE AND 
PROGESTERONE ON THE METABOLISM OF 
ISOLATED RAT UTERUS 


By LEONORA HOPKINSON anp MARGARET KERLY 
_ From the Department of Biochemistry, University College London 


_ (Received 27 September 1954) 


It is well established that insulin, when added in vitro, increases the glucose 
utilization of isolated diaphragm and the interaction of insulin and of other 
hormones which affect metabolic rate has been studied. The experiments de- 
scribed below were undertaken to investigate the effect of insulin on the 
glucose uptake of uterus, an organ in which the metabolic rate varies with the 
changing phases of the oestrous cycle. Uteri from ovariectomized rats were 
used for the majority of the experiments so that the effect of ovarian hormones 
could be controlled by injection. In many experiments lactic acid production 


was determined in addition to glucose uptake. 
METHODS 

Albino rats, 2-3 months old, weighing about 200 g, were used, the majority 3-8 weeks after 
bilateral ovariectomy. The hormone preparations were: insulin (from the Novo Terapeutisk 
Laboratorium A/S) which had previously been shown to be free of hyperglycaemic factor (samples 
N2 and N4 tested by Audy & Kerly, 1952) and progesterone, ketohydroxyoestrone and oestradiol — 
monobenzoate (referred to as oestrone and oestradiol respectively) supplied by Messrs British 
Drug Houses Ltd. Insulin was dissolved (with the aid of a drop of 0-1 n-HCl) in the incubation 
medium (see below) so that 1-0 ml. contained 50 yg. For subcutaneous injection oestrone was 
dissolved in ethanol (1 part ethanol and I part 0-15 m-NaCl) so that the dose, 20 ug, was contained 
in 0-2 ml., the progesterone suspension was diluted with 9 vol. of water so that the dose, 1-0 mg, 
was contained in 0:4 ml. For addition in vitro 0-25 mg of oestrone or of oestradiol was dissolved in 
1-0 ml. warm ethanol and the solution diluted to 100 ml. with incubation medium. 

The rats were anaesthetized with pentobarbitone sodium (Nembutal) and the uterus dissected 
out. Each horn was slit longitudinally and placed in incubation medium. For most experiments 
a single horn was used, in a few cases (indicated in the tables) several horns or pieces of horn, were 
pooled. When uterine muscle and mucosa were to be tested separately they were prepared by the 
technique described by Walaas, Walaas & Liken (1952a), After dissection the tissue was lightly 
blotted, weighed and placed in the side arm of a Warburg flask in 0-4 ml. Krebs—phosphate- 
Ringer (Umbreit, Burris & Stauffer, 1945) containing glucose (2-6 mg/ml. or 0-014 m) and, when 
required, insulin or oestrogen. The flasks were equilibrated with oxygen and shaken for 2 hr at 
37°C. At the end of this period aliquot parts of the moeeiaen were removed for estimation of 
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glucose (Somogyi, 1945) and lactic acid (Barker & Summerson, 1941). Lactic acid found in the 
medium may be regarded as equivalent to that formed during incubation since the concentration 
found in the tissue before and after incubation (1-40+-0-48 and 1-65+0-65 mg/g respectively) was 


nearly the same, Some workers recommend pre-incubation of the tissue in ice-cold saline, we did 


not find this treatment to be effective in reducing the initial lactic acid content of the tissue and 
it was not employed in the experiments reported below. 

The concentration of glucose in the incubation medium was higher than that used -by most 
workers, but was chosen after preliminary experiments had shown (Fig. 1) that at lower concentra- 
tions the rate of glucose uptake was dependent on its concentration in the medium. The rate of 
uptake was approximately constant = the 2 hr incubation period (Fig. 2), and is expressed 
as mg per g wet weight per hr. 


@ 


Ghaets uptake (mg/g wet wt./hr) 
T 
* 
* 


0 
0-5 15 2:0 25 
Glucose concentration (mg/ml.) 


Fig. 1. Glucose uptake of isolated uterus (mean values from several ovariectomized rats) incubated 


for 2 hr at 37° C in Krebs-phosphate-Ringer equilibrated with oxygen: effect of concentra- 
tions of glucose in the incubation medium. 


Horns from the uteri of different rats varied considerably in their rate of glucose uptake but 
that of the two horns from the same rat was usually similar (Table 1). The effect of addition of a 
hormone in vitro was therefore determined by comparison of the rates of glucose uptake or of 
lactic acid production of the two horns from the same rat, one incubated in medium without 
addition, the other in medium to which the appropriate hormone had been added. The effect was 
considered significant if the mean difference in tate for a number of pairs of horns was significantly 
different from zero. The effect of injection of hormones was determined by comparison of the mean 
values of rates of glucose uptake or of lactic acid production of horns from uninjected and 
injected animals. The significance, P, of the results was calculated by use of Fisher's ‘t’ test. 


RESULTS 


When insulin was added to the incubation medium there was a rise in the rate 
of glucose uptake, but not in that of lactic acid production, of uterus from 
uninjected, ovariectomized rats (Table 2a). The effect on glucose uptake was 
shown with both uterine muscle and mucosa (Table 3). After injection with 
oestrone addition of insulin no longer caused an increase in the rate of glucose 
uptake (Table 2b); although 12 hr after subcutaneous injection a small rise 
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Fig. 2. Glucose uptake of isolated uterus (mean values from several ovariectomized rats) incubated 
at 37°C in Krebs—phosphate-Ringer, containing 2-6 mg/ml. glucose, equilibrated with 
oxygen: effect of time of incubation. 


TaBLE 1, Comparison of glucose uptake of the two horns of the uterus of unoperated rats. Tissue 
incubated at 37° C in Krebs—phosphate-Ringer containing 2-6 mg/ml. glucose and equilibrated 
with oxygen 


Difference 
Time of Glucose uptake 
incubation mg/g wet wt./br mg/g wet 

min r A wt./br % 
30 1-03 1-18 0-15 13-5 
30 1-12 1-14 0-02 18 

30 0-84 0-92 0-08 9-1 
60 1-87 0-89 0-98 72-5 
60 1-77 1-88 0-11 6-0 
60 0-56 0-58 0-02 3-5 
120 1-31 0-90 0-41 36-8 
120 1-42 1-20 0-20 15-3 
120 0-45 0-44 0-01 2-2 
180 1-47 1-39 0-08 5-6 
180 1-10 1-08 0-02 18 
180 1-25 1-27 0-02 1-6 
Mean 0-18 14-1 
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was still observed, 18 and 24 hr after injection insulin had no effect and it was 
not until 102 hr after that addition of insulin again produced a rise in the rate 
of glucose uptake comparable in amount and significance with that found with 
uteri from uninjected rats. In contrast, 24 hr after injection of progesterone, 
when insulin was added to the incubation medium there was a rise in the rate 
of glucose uptake similar to that found with uteri from uninjected rats 


TaBLE 2. Comparison of the effect of addition in vitro of insulin on the rate of glucose uptake and 
of lactic acid production of isolated uterus from ovariectomized rats, both uninjected and 
injected with oestrone and progesterone. Single uterine horns incubated at 37° C for 2 hr 
in Krebs-phosphate-Ringer (containing glucose 2-6 mg/ml.) equilibrated with oxygen. 
(Mean values +5.E. of mean) 


Glucose uptake Lactic acid production 
(mg/g wet wt./hr) (mg/g wet wt./br) 
Increase on Change on 
Time after Mean weight addition of —, of 
injection ofonehorn No. of insulin 
(hr) (mg) rats No addition (50 pg/ml.) No addition (50 
| . (a) Ovariectomized, uninjected rats 
0 4845 1-4240-14 **0-6840-12 3:18+0-30 -0-41+40-23 
(b) Ovariectomized rats injected with 20 pg oestrone 
12 150+9 4 1-3040-04 *0-3010-06 12:00+0-32 +0-45+0-20 
18 110411 4 1-434+0-23 0074009 2-1140-21 +0-0740-05 
24 7547 12 1534017 -0074010 2-4540-16 -9-05+40-11 
30 96+ 15 4 1:1440-12 0444024 2464028 -0-01+40-36 
36 108+ 13 9 ff0-7740-14 0-2240-10 ft1-6740-22 +40-13+40-21 
44 4 1154001  0-57+40-15 1:584+0:18 +0-51+40-28 
54 102417 5 14840038 0184016 2-6840-46 -0-2040-22 
78 72+8 7 0-994+0-:13 *0:57+0-20 2-5940-37 -0-20+0-37 
102 7447 6 16540-15 *0-6340-15 ff1-64+012 +0-09+0-14 


(c) Ovariectomized rats, injected with 1:0 mg progesterone 


(d) Ovariectomized rats, injected with 20 ug oestrone and 1-0 mg progesterone 
69+6 8 1954015 0-10+40-18 


Effect of addition of insulin: * significant at 5% level, ** significant at 1% level. 
Effect of injection of hormone: f significant at 5% level, t+ significant at 1% level. 


TaBxE 3. Effect of addition in vitro of insulin on glucose uptake of mucosa, muscle and whole 
tissue of isolated rat uterus incubated 2 hr at 37° C in Krebs—phosphate—Ringer (containing 
2-6 mg/ml. glucose) equilibrated with oxygen. (Mean values +8s.z. of mean) 
Pooled tissue from normal rats in the same phase of the oestrous cycle or from ovariectomized 
rats. One horn from each rat separated into muscle and mucosa, the other left intact. 


Glucose uptake (mg/g wet wt./hr) 
No. of 3 Increase with 
Tissue experiments No addition insulin 50 ug/ml. 
Whole horn 12 1-:09+0-14 *0-34+0-14 
Muscle 11 1-10+0-19 *0-36+40-14 
Mucosa 13 1-8040-22 *0-41 40-17 


Effect of addition of insulin: * significant at 5% level. 
Significance of difference between muscle and mucosa: P = 0-023 (or difference between muscle 
and mucosa significant at the 5% level.) 
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(Table 2c). When both oestrone and progesterone were injected addition of 
insulin again failed to increase the rate of glucose uptake (Table 2d). 

It would be expected from these results that any effect of addition of insulin 
in vitro to uteri from normal, unoperated rats would depend on the phase of 
the oestrous cycle and might be irregular. This was found to be the case with 
uteri from the few normal rats examined (Table 4). 

The effect of addition in vitro of both insulin and oestrone or oestradiol was 
not investigated as the results of addition of ~~ hormones alone were 
not significant (Table 5). 


TABLE 4, Effect of addition in vitro of insulin on the glucose uptake of isolated uterus from 
Ny unoperated rats in different stages of the oestrous cycle. Tissue incubated 2 hr at 37° C in 

Krebs—phosphate—Ringer (containing 2-6 mg/ml. — equilibrated with oxygen. (Mean 
values of 


Glucose uptake (mg/g wet wt./hr) 
Type of cells in No.of Increase with 
Phase of cycle vaginal smear rats No addition insulin 50 pg/ml. 
Di-oestrus Epithelial and 7 1-96+0-30 0-25 +0-34 
leucocytes 
Pro-oestrus and early Epithelial only or 8 1-39-40-07 #0-43.4.0-16 
oestrus epithelial and | 
cornified | 
Late oestrus Cornified only 4 1-53+0-29 0-044 0-36 
Met-oestrus _— and 3 1-52+0-14 **0-31 40-03 
co 


Effect of addition of insulin: * significant at 5% level, ** eu at 1% level. 


TaBsuz 5, The effect of addition in vitro of oestrone or oestradiol on the glucose uptake of isolated 
uterus (from ovariectomized rats) incubated for 2 hr at 37° C in Krebs-phosphate—Ringer 
(containing 2-6 mg/ml. glucose) equilibrated with oxygen. (Mean values +8.n. of mean) 


Glucose uptake (mg/g wet wt./hr) , 
Decrease on addition of 
‘Ocstrone, Oecstradiol, 
No. of rats No addition 2-5 pg/ml. 2-5 pg/ml. 
9 1654016 0-27+0-21 — 
9 2-87 + 0-32 0-13+0-09 


Apart from an interference with the action of insulin added im vitro, injection 
of oestrone itself affects the rate of glucose uptake and of lactic acid production 
of isolated uterus. After intravenous injection of oestradiol Roberts & Szego 


; (1953a) found a rise in the glucose uptake and a rise, followed by a fall, in 


lactic acid production, whereas Walaas, Walaas & Loken (1952a, b), who 
injected oestradiol subcutaneously, observed a rise in both glucose uptake and 
lactic acid production. We found a fall in the rate of lactic acid production but 
only a small, and not significant, rise in the rate of glucose uptake (Table 2), 
followed, 36 hr after injection (when the weight of the uterus, enlarged by 
injection, had decreased below the maximum value) by a fall to a rate less than 
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that for uninjected rats. Possible reasons for our failure to observe any 
increase in the rate of glucose uptake after injection of oestrone are discussed 
below. It may be pointed out that, whether or not there is a change in the rate 
of glucose uptake and lactic acid production, there is a large increase in both 
total glucose uptake and lactic acid production of the whole organ, due to the 
large increase in weight of the uterus which follows injection of oestrone 
(Table 2). The changes in weight, glucose uptake and lactic acid production, 
calculated per horn, are shown in Fig. 3. Following the initial increase and 
subsequent fall there was considerable fluctuation in all three values, even 
after several days the uterus had not returned to the pre-injection condition. 


8 


Glucose uptake and lactic acid production (mg per horn per hr) 


100+ 150 
5 
50 + 100 / 4 a 
/ A A 
ol sola 
, 0 12 24 36 48 60 72 84 96 108 


~~ Time after injection (hr) 


Fig. 3. The effect of subcutaneous injection of 20 ug oestrone on the weight (A), glucose uptake 
(@) and lactic acid production (Q) of single horns of uteri from ovariectomized rats. 
(Calculated from mean results shown in Table 2.) 


Progesterone, like oestrogen, increases the weight and metabolic rate of the 
uterus (Roberts & Szego, 19536). Twenty-four hours after subcutaneous injec- 
tion we found a small, but not significant increase in the rate of glucose uptake 
(Table 2c), after injection of both oestrone and progesterone the rise was larger 
but still not significant (P = 0-051). 


DISCUSSION 
Insulin, when added in vitro to uterus from ovariectomized rats causes a 
stimulation of the rate of glucose uptake (both for muscle and mucosa), an 
effect similar to that observed for other tissues. This insulin effect is observed 
after injection of progesterone but not after injection of oestrone, at a time 
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when the rate of glucose uptake is decreased and when the enlarged uterus is 
returning to the small size characteristic of the uninjected, ovariectomized rat. 
We did not investigate the fate of the additional glucose removed from the 
incubation medium; it was not converted to lactic acid since there was no 
additional production of this metabolite. 

Since this work was started there have been two other reports of the rate of 
glucose uptake by uterus from ovariectomized rats; Roberts & Szego (1953a) 
found 18 yg/mg dry weight utilized in a 3 hr incubation period (or 1-26 mg/g 
wet wt./hr for the water content of 79°) and Walaas et al, (1952, b) found 
0-3 and 0-4 mg/g wet wt./hr for muscle and mucosa respectively. The value 
reported here, 1-42 mg/g wet wt./hr, agrees well with that of the former 
workers, the small difference may be due to the somewhat higher concentra- 
tion of glucose used in our experiments (2-6 mg/ml., compared with 0-75 mg/ml. 
used by Roberts & Szego). The glucose content of the medium used by Walaas 
et al. (1-4 mg/ml.) cannot account for the much lower rate which they report. 
Unlike these workers we found a significantly higher rate of glucose uptake for 
mucosa than for muscle. This is in accord with the finding of Graubard & 
Pincus (1940) that the rate of oxygen consumption of rabbit endometrium is 
higher than that of the corresponding muscle. In our experiments the mucosa 
accounted for about 37% of the whole horn, so that rate of uptake of the un- 
separated tissue would have been expected to be greater than that for the 
muscle alone; that it was not suggests that in the conditions of our experiments 
the thickness of the tissue may have limited.the rate of uptake. 

_ Two suggestions may be made for our failure to observe an increase in the 
‘eid of glucose uptake after an injection of oestrone; calculation of rate of up- 
take on the basis of the wet weight may have chenutel an increase which 
occurred at a time when the water content had also increased, or we may not 
have tested the uterus at a suitable time after injection. Roberts & Szego 
(1953@) found an increase in the rate of glucose uptake 4 hr after intravenous 
injection of oestradiol, when the dry weight of the uterus had fallen from 21 to 
15% of the total weight, and a further increase 20 hr after injection, by which 
time the dry weight had come back to 17% of the total weight. Astwood 
(1938), who used subcutaneous injection, found that the dry weight fell from 
19% in uterus from uninjected rats to a minimum of 14% 6 hr after injection, 
but 14 hr after had risen to 17%. Similar changes in the ratio of dry to wet 
weight must have occurred in the uteri from our rats and may have obscured 
a small rise in the rate of glucose uptake but not one of the magnitude found 
by Roberts & Szego (1953a) or Walaas et al, (1952a, 5). 

_ The times after injection at which the uterus was examined were based on 
previous work (Kerly, 1940) where anaerobic glycolysis was found to reach its 
maximum rate 24-36 hr after subcutaneous injection of oestrone, but in the 
earlier experiments only 2°5 ug oestrone were injected in five doses spread over 
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a period of 30 hr, whereas in the experiments reported here, in an attempt to 
produce more uniform results, a single larger dose was given. This probably 
resulted in an earlier response (the minimum rate of glucose uptake and lactic 
acid production occurred 36 hr after injection compared with the previous 
finding of a minimum rate of anaerobic glycolysis 72 hr after the first injection) 
and it is possible that an increase in glucose uptake had occurred before the 
earliest time after injection, 12 hr, at which any of the rats were killed. It may 
be significant that at this time the uterus had reached (or passed) its maximum 
weight (Table 2 and Fig. 3), and an increase in the rate of glucose uptake might 
be expected before this time. The time relations of changes following an injec- 
tion of oestrogen are likely to depend on the manner of injection and on the 
solvent used as well as on the amount of oestrogen injected. Such differences 
may account for the fact that Walaas et al. (1952a, b) found a large increase 
in the rates of both glucose uptake and lactic acid production (calculated on a 
wet weight basis) 48 hr after subcutaneous injection of 50 yg oestradiol dis- 
solved in peanut oil, whereas in our experiments, 36 hr after injection both 
rates were lower than in uterus from uninjected animals and even after 44 hr 
the glucose uptake had not returned to the pre-injection rate. Results of 
previous work on the action of oestrogens added in vitro are contradictory (see 


Roberts & Szego, 19536) and we did not find that either oestrone or oestradiol | 


added in vitro to the incubation medium had a significant effect on the rate of 
glucose uptake of isolated rat uterus. It would seem likely that the effect of 
an injection of oestrone in changing the rates of glucose uptake and lactic acid 
production and in preventing the action of insulin (added %n vitro) on the glucose 
uptake is indirect, especially as these effects are observed such a long time 
after injection. 

SUMMARY 

1. The rates of glucose uptake and of lactic acid production of isolated 
uterus from ovariectomized rats have been measured ; the rate of glucose uptake 
of the mucosa was higher than that of the muscle. 

2. Addition of insulin to the incubation medium increased the rate of 
glucose uptake of both muscle and mucosa. The rate of lactic acid production 
was not affected. 

3. Twenty-four hours after subcutaneous injection of progesterone the rate 
of glucose uptake was increased ; addition of insulin in vitro resulted in a further 
increase in rate. 

4. After subcutaneous injection of oestrone addition in vitro of insulin no 
| longer caused a rise in the rate of glucose uptake. There was no significant rise 
in the rate of glucose uptake, but 36 hr after injection the rates of both glucose 
uptake and of lactic acid production were decreased. 

5. Addition in vitro of oestrone or of oestradiol did not affect the rate of 
glucose uptake. 
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Theobald & tenis (1935) showed that an emotional taki aioe of a water 
diuresis in dogs was mediated by a humoral mechanism. Rydin & Verney 
(1938) concluded that an emotional inhibition of a water diuresis was mediated 


by the posterior pituitary antidiuretic hormone (ADH); they were of the © 


opinion that adrenaline played no part in emotional antidiuresis. O’Connor & 
Verney (1942) abolished or greatly diminished the emotional inhibition of a 
water diuresis by removing the posterior pituitary of dogs. O’Connor (1945) 
found that section of the supraopticohypophyseal tracts reduced or abolished 
the release of ADH. Subsequently, O’Connor & Verney (1945) analysed, in 
greater detail, the mechanisms involved in an emotional antidiuresis as evoked 
by a faradic stimulation in the dog. In normal dogs with an established water 
diuresis, they found three different responses: (1) an immediate, short-lasting 
inhibition returning to the previous diuretic flow within 10 min; (2) an inhibi- 
_ tion of slow onset continuing much longer and returning to the previous 
diuretic level 30-60 min later; (3) a combination of these two responses. 
‘Removal of the posterior pituitary abolished or markedly diminished the 
slow and prolonged antidiuresis in response to a faradic stimulus. Denervation 
' of both kidneys and adrenals abolished the immediate, short-lasting inhibition 
and a slow, prolonged inhibition always occurred. The operative procedure 
did not interfere with the typical antidiuretic response to intravenous adrena- 
line which was identical with the immediate short-lasting antidiuresis some- 
times resulting from an emotional stimulus. It was not possible to deduce 
whether the abolition of the short-lasting antidiuresis was the result of the 
denervation of the adrenals or of the kidneys. Finally, O’Connor & Verney 
(1945) observed that in dogs with denervated kidneys and adrenals but with 
intact pituitaries, an intravenous injection of adrenaline given 30 sec before 
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the faradic stimulus abolished the prolonged antidiuresis, They concluded that 
adrenaline inhibited the release of ADH. The interference with the release of 
the antidiuretic hormone, by adrenaline, was studied further by Duke & Pick- 


ford (1951) who found that, on some occasions, adrenaline prevented the — 


acetylcholine-release (ACh) of ADH although, less frequently, adrenaline 
potentiated the ACh effect or had no effect at all. 

In this paper are presented some observations on the emotional antidiuresis 
evoked by faradic stimulus in dogs with kidneys autotransplanted to the neck. 
Such a preparation offers two important advantages in such a study, namely, 
a truly denervated kidney, and a minimal dead space with little or no delay in 
urine collections due to the direct catheter drainage from the pelvis of the 
kidney (Dempster, 1950). The ‘neck’ kidney responds to a faradic stimulus at 
the height of a water diuresis in a manner indistinguishable from a normal 
kidney (Dempster & Joekes, 1953). Failure to confirm O’Connor & Verney’s 
finding (1945) of the suppression of ADH release in response to faradic stimula- 
tion by intravenous adrenaline immediately prior to the stimulus, led to a 
further study of this problem. 


eS MATERIALS AND METHODS 

The observations were made on greyhounds. The details of the methods used have already been 
described (Dempster & Joekes, 1953, 1954). Pure laevorotatory adrenaline was used in doses of 
15, 40 and 80 ug/ml. made up in 0-9% NaCl and was injected intravenously at the peak of a water 


diuresis. Dihydroergotamine (Sandoz) was used in 1 mg doses diluted 1 : 10 with 0-9% NaCl. The — 


posterior pituitary extract used was ‘Infundin’ (Burroughs Wellcome); doses ranged from 0-1 to 
4mU. Urine was collected at intervals ranging from 1 to 5 min. Faradic stimulation was applied 
via two electrodes placed subcutaneously in the flank. Water, in doses of 1 1, was given over a 
period of 5 min, © 

Renal arteriograms. Other dogs were used in acute experiments, in which 2-5 ml. Thorotrast was 
injected into the carotid artery to which was anastomosed the renal artery of the transplanted 
kidney. One single exposure was made at 70 sec following the injection of adrenaline and about 
2 sec after starting the Thorotrast injection. The transplanted kidneys were not placed sub- 
cutaneously, but remained exteriorized during the arteriographic procedure. Pentobarbitone 
(Nembutal) anaesthesia was used (30 mg/kg). 


RESULTS 
Effect of faradic stimulation at the peak of a water diuresis 
Faradic stimulation was applied when the maximal diuresis following a litre 
of water appeared to have been reached. This occurred about 60 min after the 
water had been given, by which time about 160 ml. had been excreted. The 
results are recorded in Table 1. 

In all dogs there was an immediate, profound and prolonged inhibition of 
diuresis. On one occasion with Alice (174 days after transplantation) there was 
a rapid return of diuresis; the previous diuretic level being reached in 10 min. 
This result was thought possibly to be related to a high salt diet at that time; 
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that it was not a permanent change in the behaviour of the kidney was shown 
by a subsequent standard response 229 days after transplantation. 

In Denise there is clear evidence of two components of the antidiuresis—a 
rapid inhibition with recovery of urine flow in 3 min and then a further inhibi- 
tion (Fig. 1c). 

TaBxz 1. The effect of faradic stimulation at the peak of a water diuresis. Dogs with 
single ‘neck’ kidneys 
Time after faradic 


Urine flow at Urine flow in consecutive stimulus when 50% 
Days after time of faradic minutes following faradic of Perr urine 


transplanting stimulus stimulation = — flow regained 
Dog kidney (ml./min) (ml/min) (min) 

Lynda | 18 4-0 0-5, 0-3, 0-9, 0-9, 0-6 35 
Marcelle 220 0-1, O-1, O-1, 0-1, O-1 | 25 
224 | ee 0-2, 0-3, 0-5, 0-5, 1-0 45 
Kate 40 4-0 0-1, 0-1, 0-1, 0-1, 0-1 45 
Alice 32 5-6 0-1, 0-1, 0-2, 0-3, 0-4 50 
174 3-3 0-1, 0-1, 0-5, 1-0, 1-5 6 
229 3-5 1-0, 0-5, 1-5, 0-8, 0-8 25 
Denise* 18 5-0 1-0, 1-0, 4:5, 3-5, 3-0 >20 
3-0, 2-2, 3-5, 2-8, 2-0 | 

2-0, 2-6, 2-4, 2-3, 2-0 


. Three other results are shown in Fig. la, 6 and d@ for this dog. These are not given in this 
table as the faradic stimulus was preceded by adrenaline administration, although the response 
was similar to that without adrenaline. 


mi./min 


il 


mi./min 
o N UO 


7 9 11 13 18 17 19 
Minutes Minutes 

applied at the peak of a water diuresis. a, 15 wg on the 12th post-operative day; b, 40 ug on the 

15th post-operative day; c, the effect of a faradic stimulus without a previous injection of 

adrenaline (18th post-operative day); d, 80 ug on the 19th post-operative day. 
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Effect of adrenaline preceding faradic stimulation at the sil of 
a water diuresis 

Fig. 1 shows the effect of varying doses of adrenaline given intravenously 
30 sec prior to the faradic stimulation. In (a) 15 wg, in (6) 40 wg, and in (d) 80 pg 
adrenaline were given. It will be seen that the expected inhibition of a water 
diuresis was in no way interfered with. Adrenaline preceding faradic stimula- 
tion in Marcelle, Alice and Claude similarly did not prevent a slow and 
antidiuresis. 


Dogs with single ‘neck’ kidneys 
Urine flow Minimum 


Days after at time of urine flow Urine flowin consecutive Dose of 
transplanting injection reached minutes after injection  ‘Infundin’ 


Dog kidney (ml./min) (al. /min) (ml./min) (mU) 
Marcelle 178* 46 1-0 — 0-6 
179* 4-0 0-6 — 1-0 
181* 5-2 1-6 2-0 
182* 4-0 0-5 | — 2-0 
183 4:6 0-9 2-5, 2:5, 2-4, 1-7, 1-2 4-0 
1-1, 0-9, 1-1, 1-0, 1-0 
184 4-4 0-6 3-2, 2-2, 1-8, 0-8, 0-8, 410 
0-6, 0-6, 0-6, 0-8, 0-8 
Denise 8 6-0 0-4 3, 15,3, 265, 1-0, 1 
1-0, 1-0, 0-5, 0-4, 0-5 
10 5-0 1-8. 2:2, 2-2, 18, 3-5, 38 
3-0, 3-0, 2-5, 2-1, 3-2, 
1-8, 2°8, 2-5, 2-5, 2-2 
Claude 3 7-0 1-25 4, 3-5, 3-5, 2-8, 2-8 1 
: 2-2, 2-4, 1-25, 1-4, 1-4 


oe Urine was collected at 5 min intervals. 


Effect of ‘Infundin’ at the peak of a water diuresis 

“Infundin’ in doses ranging from 0-1 to 4-0 mU was given intravenously at 
the peak of a water diuresis. 

Table 2 shows the results obtained from single ‘neck’ kidneys. The minimum 
urine flow occurred at 6, 7, 8 and 9 min respectively after the injection of 
“Infundin’, on four occasions. In one dog, Denise, at 10 days, a rather flat 
curve showed the minimal flow at 3 min. The decline of diuresis was gradual 
compared with that seen with adrenaline, although a fall to about 50% of the 
original value occurred in the first minute. The recovery of 50% of the original 
diuretic flow occurred in periods varying from 40 to 120 min. 


Effect of adrenaline at the peak of a water diuresis 
At the peak of a water diuresis 15, 40 or 80 yg adrenaline solution was 
injected intravenously. Table 3 shows that in seventeen experiments in three 
dogs, each with a single ‘neck’ kidney, a constant pattern of inhibition of 
diuresis resulted. A rapid decrease of urine flow occurred, usually maximal in 
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the second minute, with a rapid return to the previous diuretic level; in most 
instances within 5 min. Fig. 2 shows typical responses in Denise to 15, 40 and 
80 wg adrenaline. These results are virtually identical with those recorded by 


TaBLE 3. Effect of adrenaline injected intravenously at the peak of a water diuresis 


Dose of 
Days after Urine flow at Urine flow in consecutive adrenaline 
er time of injection minutes after the injection injected 

Dog idney (ml./min) (ml./min) (ug) 
Marcelle 176 5-6 0-6, 0-3, 1-0, 3°5, 4-5, 5-0 80 
185 4-0 1-7, 0-1, 0-4, 2-5, 3-2, 4-0 — 40 
186 4-0 1-0, 0-1, 2-5, 2-6, 4-5, 5-0 40 
228 3-8 1-0, 0-3, 1-2, 3-0, 3-0, 4-0 40 
229 40 0-5, 0-5, 1-0, 4-5, 5-5, 5-5 15 

234 5-0 0-5, 0-2, 0-7, 4-4, 5-0, 5-0 15 , 
Alice 255 3-0 0-5, 1-6, 2-0, 4-0, 3-0, 3-0 80 
256 3-1 0-5, 0-2, 0-4, 1-5, 3-0, 3-0 80 
257 4-0 0-8, 0-3, 1-5, 4-0, 4-0, 3-8 40 
261 3-0 0-6, 0-6, 1-6, 3-0, 3-2, 3-0 — 40 
263 4-0 1-0, 0-8, 2-2, 3-0, 3-0, 3-6 15 
Susan 3 3-0 1-4, 0-6, 1-2, 1-2, 2-0, 2-2 80 
6 3-5 2-5, 1-5, 1-0, 0-4, 0-8, 2-5 40 
8 4-0 1-8, 0-1, 0-8, 3-0, 4-0, 4-5 15 
Denise 10 7-0 32,3, 6, 8-2, 7-0 15 
12 6-0 1-0, 2-1, 5-1, 5-1, 4:8 40 
14 5-6 0-3, 1-0, 4-0, 4:2, 4, 4-7 80 

a b c 


Minutes 
Fig. 2. Denise. The effect of adrenaline injected intravenously at the peak of a water diuresis: 


a, 15 pg; 6, 40 pg; and c, 80 yg. 


ml./min 


1.24.5 


Pickford & Watt (1951) in dogs with normal kidneys. Pl. 1 outs siteeleareros 
of one ‘neck’ kidney following the intravenous injection of adrenaline in 
varying doses. There is considerable intrarenal constriction affecting the 


whole arterial tree. Similar results were obtained in three other transplanted 
kidneys. 
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EMOTIONAL ANTIDIURESIS 


Effect of didepdrastgetaceiti tartrate (DHE) on the adrenaline inhibition 
of a water diuresis 


Just prior to the expected peak of a water diuresis 1 mg of DHE was injected 
intravenously, without affecting the urine flow significantly. After an interval 
of time, varying from 5 to 20 min after the DHE administration, 80 HB 
adrenaline was injected intravenously. 

Table 4 shows that, in four dogs each with a single ‘neck’ kidney, DHE 
_ abolished the adrenaline inhibition of a water diuresis. 


TaBLE 4. The blocking action of 1 mg dihydroergotamine tartrate on the effect of 80 yg 
adrenaline at the peak of a water diuresis 


Time interval Urine flow at —_ Urine flow in consecutive 
Days after between DHE time of adrenaline minutes after adrenaline 


"transplanting adrenaline injection injection 
Dog _ kidney 3 (min) (ml./min) (ml./min) 
Alice 257 20 4-4 3-0, 4:5, 45, 4-0, 3°, 4-0 

261 15 4-0 4-0, 3-8, 3-2, 3-0, 3-2 
263 10 2-4 4-0, 3-0, 3-0, 3-0, 3-0 
Marcelle 184 6 3-8 3-8, 3-2, 40, 4-4, 4-0 
234 5 3-2 3-5, 4:2, 4-0, 4-0, 4-0 
Susan * 1 10 3-5 3-8, 3-0, 2-2, 3-0, 3-0 
Lynda 7 10 3:3 4-0, 4-2, 3°7, 29, 3-0 


Effect of DHE preceding a faradic stimulus at the peak of a water diuresis © 

At the peak of a water diuresis, 1 mg DHE was injected intravenously and 
was followed by faradic stimulation after an interval varying from 6 to 30 min. 

Table 5 shows the results obtained from three dogs with single ‘neck’ 
kidneys. In Lynda and Marcelle, the inhibition of a water diuresis following 
faradic stimulation showed a relatively slow decline with the maximum depres- 
sion at 6 and 7 min; this is similar to the results obtained in Marcelle and other 
dogs following an injection of ‘Infundin’ (Table 2). Alice showed an inhibition 
similar to that when no DHE had been given (Table 1); the degree of =e 
however, was less. 


DISCUSSION 


The antidiuretic effects of intravenously administered adrenaline, scales 
pituitary extract (‘Infundin’) and faradic stimulation at the peak of a water 
diuresis have different characteristics. Although variations in sensitivity 
between normal and ‘neck’ kidneys may occur, no essential difference in their 
response to the fore-mentioned antidiuretic influences has been found in our 
experiments. 

Intravenous adrenaline caused an immediate inhibition of diuresis, maximal 
within 3 min, and returning to the previous diuretic level in 5 or 6 min. This 
aspect has been studied in the ‘neck’ kidneys only in our experiments but the 
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results are virtually identical with those of Pickford & Watt (1951) who used 


normal dogs. This short-lasting antidiuresis will be referred to as the short 
component. 

‘Infundin’ caused a relatively slow decline of diuresis, the maximum inhibi- 
tion usually not occurring before 6 min after the injection. The return of 
_ diuresis was variable but diuretic values greater than 50% of the previous 
diuretic level did not occur earlier than 30 min. Variation of dose from 0-1 to 
4 mU affected only the length of time of inhibition but did not alter the rate 
of decline of diuresis, The slow, prolonged antidiuresis will be referred to as the 
long component. 


Tasxz 5. The blocking action of dihydroergotamine tartrate on the effect of faradic 
stimulation at the peak of a water diuresis 
Interval Urine flow Urine flow per 


between DHE attimeof  minute* in consecutive 
Days after and faradic faradic minutes after faradic 


transplanting stimulus stimulus stimulus 
kidney (min) (ml./min) . (ml./min) Comment 
Lynda 30 14 6-0 3-0, 3-4, 2-6, 1-8, 1:9, Slow com 
1-5, 1-5, 14, 1:6, 1-8 ponent only 
Marcelle 184 hy ee 4-0 3-1, 2-0, 1-7, 1-3, 1-3, Slow com 
1-2, 11, 1-1, 1-5, 1-7 ponent only 
233 6 5-6 5-0, 3-9, 4-4, 3-8, 3-2, Slow com- 
fie? 3-0, 3-0, 3-0, 3-0, 3-2 ponent only 
Alice 255 30 4-2 1:5, 2-0, 2-0, 2-0, 2-0, Both rapid 
2-2, 2-5, 2-0, 2-5, 2°5 and slow 
components 
259 - 16 3-0 1-0, 1-2, 2-6, 3-0, 2-0, Both rapid 
2-2, 2-5, 2:0,1-0,1-0 and slow 
components 
separated 


ae The lowest minute flow values are given in black. 


Faradic stimulation at the peak of a water diuresis resulted in an inhibition 
of water diuresis showing an immediate decrease of uriné flow similar to that 
found following intravenous adrenaline and then continued into a prolonged 
inhibition with a slow return to normal similar to that obtained after an 
injection of ‘Infundin’. In some instances, both in O’Connor & Verney’s 
experiments and our own, a clear biphasic character of the inhibition was 
apparent (Fig. 1). Thus the characteristic inhibition following faradic stimula- 
tion is composed of a short and a long component similar to those described 
above. 

O’Connor & Verney (1945) state: ‘We are thus led to the view that the rapid 
inhibition is the result of vaso-constriction in the kidney and that the slow 
inhibition is due to the release of an anti-diuretic substance from the posterior 
lobe of the pituitary.’ These authors were unable to determine the exact cause 
of the vasoconstriction in the kidney. The rapid inhibition was abolished by 
denervation of the kidneys and adrenals in their experiments. The rapid inhibi- 
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tion constantly occurs in the ‘neck’ kidney unless the dog has become ac- 
customed to faradic stimulation. It may thus be argued that the abolition of 
the rapid component was due to the denervation of the adrenals (the nerve 
supply was intact in the present work), although denervation of the kidney 
was inevitably complete. The similarity of the rapid inhibition with that caused 
by intravenous adrenaline, and the blocking by DHE of the short component 
due to faradic stimulation and of the inhibition caused by adrenaline, 
strengthens the conclusion that release of adrenaline mediates the short com- 
ponent of the emotional type of antidiuresis we have studied. 

O’Connor & Verney (1945) found that intravenous adrenaline (15-40 yg) 
30 sec prior to faradic stimulation abolished the slow component of emotional | 
antidiuresis. They concluded that adrenaline prevented the release of ADH. 
This must imply that adrenaline release cannot mediate the rapid component 
of an emotional antidiuresis if it is followed, as is agreed, by the slow com- 
ponent. It may be argued, however, that faradic stimulation releases simul- 
taneously adrenaline and ADH, and adrenaline inhibition of ADH release 
would then not obtain. This possible apparent contradiction does not, how- 
ever, arise in our arguments as we were unable to confirm the finding that 
adrenaline given immediately prior to faradic stimulation abolished the slow 
component. 

O’Connor & Verney (1945), while believing that the rapid component was — 
_ dependent on renal vasoconstriction, did not determine whether the cause was 
nervous or humoral: The arteriograms in the present work further support the 
belief that the antidiuretic action of relatively large amounts of adrenaline is 
due to generalized renal vasoconstriction as suggested by Pickford & Watt 
(1951). 

It is therefore concluded that in autotransplanted kidneys an emotional 
inhibition of a water diuresis, as resulting from a faradic stimulation, is 
- mediated first by adrenaline causing an immediate, short-lasting inhibition 
and then by ADH resulting in a prolonged inhibition, of slower onset, the last 
effect being masked by the adrenaline effect. 

These conclusions differ from those of O’Connor & Verney (1945) because of 
our finding that, in the autotransplanted kidney, adrenaline did not prevent 
the appearance of the slow component of an emotional antidiuresis. As the 
autotransplanted kidney appears to react like the normal kidney in all other 
aspects of antidiuresis, it is considered probable that these conclusions apply 
to normal kidneys also. 


SUMMARY 
1, Using dog kidneys autotransplanted to the neck, observations have been 
made on the nature of the emotional inhibition at the peak of a water diuresis; 
inhibition was produced by faradic stimulation, and by intravenous injections 


of adrenaline and ‘Infundin’. 
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2. Adrenaline injected 30 sec prior to faradic stimulation had no effect on 
the immediate profound inhibition usually observed after such stimulation. 

3. Arguments are presented for the belief that the emotional inhibition of 
a water diuresis induced by faradic stimulation is mediated first by adrenaline 
and then by the posterior pituitary antidiuretic hormone. This chain of 
reactions results in an immediate, profound and short-lasting inhibition followed 
by an inhibition of slower onset and prolonged in character. 


The expenses involved in these experiments were defrayed by a grant to one of us (W. J.D.) 
from the Medical Research Council. 
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EXPLANATION OF PLATE 


Arteriograms of a transplanted kidney at 70 sec following an intravenous injection of adrenaline. 
a, 15 ug; 6, 40 pg; and c, 80 ug; d and e, controls before and 10 min after the adrenaline 
experiments. It will be seen that -the whole intrarenal vascular system is affected by 
adrenaline. 
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VISUAL PIGMENTS OF THE BLEAK (ALBURNUS LUCIDUS) 


By H. J. A. DARTNALL 


From the M.R.C. Group for Research in the Physiology of Vision, 
Institute of Ophthalmology, London 


(Received 12 October 1954) 


Visual pigments can be obtained for investigation either in solution, by 
extracting retinae with certain reagents, or intact in their visual cells, by 
suspending the retinal outer limbs in a transparent medium of equal specific 
gravity (Arden, 1954a). 

Tests of the homogeneity of such preparations by the method of partial 
bleaching have provided evidence for a number of new visual pigments (Dart- 
nall, 1950, 1952, 1954; Arden, 19546; Crescitelli & Dartnall, 1954). 3 

Prior to these investigations the author had made extracts from the retinae 
of several different species, but the visual pigment solutions obtained had been 
examined only by measuring their absorption spectra before and after 
bleaching by white light. 

Among those extracts examined in this superficial way was one prepared 
from the retinae of bleak, a fresh-water fish. This extract had an absorption 
maximum at 527 my and on exposure to light underwent changes which were 
maximal at 535 mp. At first it was thought that this result indicated the 
presence solely of visual pigment 533, for the changes on bleaching (difference 
spectrum) were very similar to those for this well-known pigment. When, 
however, it was realized that the small differences between the difference 
spectrum and that for visual pigment 533 were significant, further extracts 
were prepared and investigated. 

This paper describes the results of the investigation and presents evidence 
that extracts made from bleak retinae are not homogeneous but contain a 
mixture of photosensitive pigments which, in combination, can resemble the 
behaviour of visual pigment 533. 


METHODS AND APPARATUS 


Preparation of the visual pigment solutions 
The wk described in this paper was carried out on five extracts prepared between February 1950 
and December 1951 from the retinae of bleak (Alburnus lucidus). During the investigation an 
extract of frogs’ retinae (Rana esculenta) was also made, in order to provide certain comparative 
data, 
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For several hours before making an extract the animals were kept in darkness. This was to 
ensure the maximum accumulation of visual pigments and also to allow the densely pigmented 
granules of the epithelium to recede from the rod and cone layer of the retina. In both bleak 
(Tansley, personal communication) and frog these granules advance, on light adaptation. Con- 
sequently, it is more difficult to remove a retina cleanly from a light-adapted than from a dark- 
adapted animal. 

All procedures following the adaptation period were carried out in a dark-room, in the general 
illumination of a deep-red safelight as used in photography. Additional light, where necessary 
for operations such as removal of the retinae, was provided by a cycle torch lamp fitted with Ilford 
‘monochromatic’ filter no. 609 (transmitting from 650 my to the infrared). Exposure of retinae 
or of phot itive solutic , even to these relatively ineffective radiations, was kept toa minimum. 


Removal of retinae 

Bleak. These fish die quickly when taken from the water. When dead, a fish was laid on its side 
and the upper eye was tilted in its socket by the forefinger of the left hand. The point of one 
scissors-blade was then pressed into the eye at the cornea-scleral margin and a cut made dia- 
metrically across the cornea. Gentle pressure, applied with forceps straddling the cut, caused 
protrusion of the lens, which was removed. The forceps were then lowered into the eye and the 
retina was gently grasped. It was lifted carefully away and was usually obtained in one piece. 

Frog. The frogs were beheaded and the heads washed free from blood in running water. Lythgoe’s 
(1937) method was used for obtaining the retinae. 


Extraction of the visual pigments 

By treating retinae with 2% aqueous digitonin, the visual pigments can be obtained in solution 
(Tansley, 1931). Such solutions are contaminated by yellow impurities. By previously washing 
the retinae, however, some of these impurities can be removed without affecting the visual pig- 
ments. Treatment of the washed retinae with digitonin then yields a visual pigment solution con- 
taining only a relatively small amount of yellow impurity which is, moreover, quite stable, both 
thermally and photochemically. Alternatively, the outer limbs of the photoreceptors (rods and 
cones) can be segregated from the main bulk of the retina and separately extracted. This pro- 
cedure, which is sometimes wasteful, usually yields solutions which contain least impurities. Both 
methods were used. 

Method 1. Extraction of whole, washed retinae. The retinae, removed as described above, were 
thoroughly stirred in 3-4 ml. of McIlvaine’s pH 4-6 buffer. The mixture was then centrifuged for 
20 min and the supernatant washings withdrawn from the compacted sediment, and discarded. 
A further quantity of the pH 4-6 buffer was then added and the procedure repeated. The retinae 
were washed 2-4 times in this way (see Table 1). Usually, when retinae are repeatedly washed, the 
first washings are yellow in colour and successive washings become progressively paler until no 
colour is detectable. In the present instance the second washings were a deeper yellow than the 
first. Thereafter any subsequent washings were progressively paler as usual. The reason for this 
peculiar sequence is not known. 

The washed retinae were stirred for 2 min with a freshly prepared 2% digitonin solution. The 
mixture was then centrifuged at 4000 rev/min for 20 min, The supernatant visual pigment solution 
was removed, and the partly extracted residues treated with a further portion of the digitonin 
solution. After stirring and then centrifuging, as before, the second supernatant was added to the 
first and the whole made alkaline by adding a suitable buffer solution. 

Method 2. Extraction of the outer segments of the photoreceptors. In this method the retinae were 
placed in a tube containing 2 ml. of 35% (w/v) sucrose in water. The tube was vigorously shaken 
to cause detachment of the rod and cone outer segments from the retinae. On centrifuging the 
mixture at 4000 rev/min for 20 min, the heavier retinal debris separated to the bottom, leaving 
some outer segments still suspended in the supernatant fluid (Saito, 1938). This was pipetted off 
into a clean tube. The residues were then shaken with another portion of sucrose solution to obtain 
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a second yield of outer segments in suspension, and yet again (in the case of extract IV) to obtain 
a third. Each suspension was pipetted off and transferred to a separate tube. Most of the outer 
segments were found in the second suspension. This was probably due to the reduction of the 
_ specific gravity of the first aliquot of sucrose solution by the eye humours accompanying the 
retinae. In one instance small samples of the supernatants were examined in daylight. The first 
was yellow and did not appear to change on exposure; the second was reddish violet fading to 
yellow on exposure; the third was bluish violet, also fading to yellow. 
Each suspension was mixed with 4 ml. of 0-6% sodium chloride solution. As a result of this 
_ dilution the outer segments descended to the bottom of the tubes, a process hastened by spinning 
the tubes at 4000 rev/min for 20 min. The supernatants were pipetted off and discarded. The 
compacted residues consisting of the outer segments were then washed into one tube with 0-6% 
sodium chloride solution. The mixture was centrifuged and the supernatant liquid—which still 
contained a considerable proportion of undescended outer segments—was removed. The residue 
was then extracted twice with digitonin, as described for whole retinae. The combined extracts 
were made alkaline by the addition of saturated sodium borate solution. 


Taste 1. Extract preparation details 


Vol. of Total 
No. of bleak Vol. of buffer __vol. of 
and no, of Size offish Timein No.of  extractantt addedt extract 
Extract § Date retinae (cm) dark (hr) washings* (ml.) (ml.) (ml.) C 
Method 1. Extraction of whole, washed retinae , 
I 16. ii. 50 10 (18 12-148 24 2 15 15 3-0 8-4 
Il 25. x. 50 6 (12 13-14 43 4 10+10 0-2 2:2 8-15 
Vv 4. xii. 51 11}-15 23 4 0-75 +0-75 0-15 1-65 8-3 
Method 2. Extraction of the outer segments of the photoreceptors 
Ill 11. x. 51 17) 13-16 18 1-25 +1-25 0-25 275 
IV 22-24. x. 51 8 (15) 13-144 71 H 10+10 0-2 2-2 8-39 


* With 3-4 ml, of Mellvaine’s pH 4-6 buffer solution. 
t 2% digitonin solution, freshly prepared except in the case of extract V, 
} Saturated sodium borate solution except in the case of extract I when Mcllvaine’s pH 9 buffer solution was used. 
§ These ten fish weighed 170 g. 
|| The retinae were shaken with 35% sucrose solution, as described in text, to separate the outer segments. 
{ The separated outer segments were stored in a refrigerator for two days. Mcllvaine’s 
pH 4:6 buffer before extraction with digitonin. 


A visual pigment solution from Rana esculenta was also prepared by method 2. The retinae were 
shaken with I ml. portions of 35% sucrose solution. Two suspensions of outer segments were 
obtained. These were diluted with 4 ml. of 0-6% saline solution and centrifuged. The faintly pink 
supernatants were pipetted off and discarded. The residues were combined by means of a washing 
with 2 ml. of McIlvaine’s pH 4-6 buffer and the mixture was centrifuged. The colourless super- 
natant was removed from the compacted residue of outer segments and these were extracted with 
digitonin solution as described above. 

The extracts were stored in darkness in a refrigerator (3° C) and portions were withdrawn as 
required for experiments. The extracts were spun at 4000 rev/min on each occasion before pipetting 
off a sample. 

Measurement of absorption spectra | 

Apparatus suitable for measuring the absorption spectra of light-sensitive solutions, without 
causing any detectable bleaching, has been described (Dartnall, 1952). The absorption spectra 
were plotted from measurements of the optical densities made at wavelengths between 380 and 
700 my. 

The optical densities of the visual pigment solutions were generally determined with respect to 
a ‘blank’ of digitonin solution containing the same amount of buffer salts. The measurements were 
then repeated after the solutions had been partially or completely bleached by light. The optical 
densities measured in these cases were those of the visual pigments (or their photoproducts) and 
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accompanying impurities of retinal origin. The changes in optical density resulting from exposures 
to light are given by the differences between the ‘unbleached’ and ‘bleached’ figures. In a few 
cases, these changes were measured directly by using as the ‘blank’ an unexposed sample of the 
original visual pigment solution in place of a digitonin solution. 

The stability of the solutions during measurement was tested in the following way. Optical 
densities were measured at 20 mp intervals from 380 to 680 my; then, sometimes after a short 


period of time, from 670 to 390 my, again at 20 my intervals. All absorption spectra, whether of _ 


unbleached, partly bleached or wholly bleached solutions were determined in this manner, and in 

every case the returning measurements exactly, or very nearly, retraced the paths of the outward 

ones, 

All measurements were made at 20+0-2° C and were for an optical path length of 0-5 cm. 
Bleaching of solutions 

Complete bleaching of the solutions was achieved by exposing them for 15-20 min to ‘white’ 
light from a 15 W lamp placed about 9 in. away. 

Partial bleaching was carried out with the bleaching apparatus previously described (Dartnall, 
1952). Suitable intensities of the approximately monochromatic lights used were obtained by 
adjusting the widths of the monochromator slits. The band widths for each dominant wavelength 
of bleaching light, and the auxiliary stray light filters used, were similar to those in previous work. 
During bleaching, which was often of some hours duration, the temperature of the solutions was 
kept at 20° C. 


RESULTS 

The ‘normal’ shape of the bleak difference spectrum 
The absorption spectrum of an extract of bleak retinae (extract II—pH 8-15) 
is shown in the lower half of Fig. 1 (curve marked ‘before bleaching’). After 
the solution had been completely bleached by exposing it to white light the 
absorption spectrum changed to that shown by the curve marked ‘after 
bleaching’. Since the solution was thermally stable in both the unbleached 
and bleached states, the difference between the two curves (dotted curve) is 
independent of the presence in the extract of impurities for these, being stable, 
contribute equally to the absorption in both states. Consequently, the dif- 
ference spectrum is a characteristic function—provided the pH and tempera- 
ture are controlled—enabling us to make precise comparisons between different 
extracts. Corresponding absorption spectra of an extract of pike retinae 
(pH 8-24) are shown in the upper half of Fig. 1. To facilitate comparison 
between the pike and bleak data the ordinate axes have been so scaled that the 
two difference spectra have the same maximum height. 
_ The difference spectra are very similar. In both cases, the maximum loss of 
density on bleaching was at 535 my and the maximum gain (due to formation 
of a photoproduct) was at 400-405 my; in fact the two curves are almost 
superimposable. It has been shown (Dartnall, 1952) that the pike extract was 
homogeneous, containing only one photosensitive substance—visual pigment 
533. It might, therefore, be fairly conjectured that the bleak extract, like the 
pike extract, contained only this one pigment.- Indeed, when similar results 
(with bleak extract I) were first obtained in February 1950, it seemed un- 
necessary to test for homogeneity. 
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However, 


as a careful examination of Fig. 1 shows, the two difference spectra 


are not exactly alike. The discrepancies between them, though small, are well 
outside experimental error. It was decided, therefore, to test the homogeneity 
of the bleak solutions. 


After bleaching 
Before bleaching 


| o 


° 


_ Optical density (0°5 cm 


— 
— 
— 


400 450 500 550 600 650 
Wavelength in my | 


Fig. 1. Comparison of the absorption spectra of pike and bleak extracts, before and after total 


bleaching 


by white light. The vertical interrupted lines are to facilitate comparison of the 


two difference spectra (shown by the dotted curves). ©, Measurements made consecutively 
_ from 380 to 680 my; @, return measurements from 670 to 390 my. Pike extract, pH =8-24, 
temp. = 20° C (after Dartnall 1952); bleak extract II, sample 1, pH =8-15, temp. =20° C. 


The composite nature of the bleak difference spectrum 


Two optical cells were filled with further samples of bleak extract II. One 
of these was then exposed to light of dominant wavelength 610 my for 1 hr, 
the other being kept in darkness under otherwise identical conditions (20° C). 
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The changes in density of the exposed solution were then measured directly 
by using the unexposed cell as a ‘blank’. These changes, maximal at 545 my, 
are shown by curve 1 in Fig. 2, due allowance having been made for the small 
initial density differences (maximum difference=0-0033) between the two 
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Fig. 2. Composite nature of the bleak total difference spectrum. Full-line curve, density changes 
in a solution when completely bleached by white light. Curve 1 (@), density changes in 
another sample of the same solution when exposed to orange-red light (610 my); curve 2 
(©), additional changes on further exposure to the orange-red light; curve 3 ( +), additional 
and final changes on further exposure to white light. Dotted-line curve, algebraic sum of 
curves 1-3. Bleak extract II, samples 1 and 2, pH =8-15, temp. = 20° C. 


cells. The cell was then returned to the bleaching apparatus and exposed for 
a further 2 hr to the same light but of higher intensity than before. The density 
changes, maximal at 538 my, resulting from this second exposure are shown 
by curve 2 Fig. 2. Finally, to complete the bleaching, the cell was exposed to 

‘white’ light for 20 min. This caused further density changes, maximal at 
512 my (curve 3, Fig. 2). 
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The total density changes caused by the orange-red light (two exposures) 
and the white light are given by the algebraic sum of the separate density 
changes, that is by the sum of the curves 1-3 of Fig. 2. This sum is represented 
in Fig. 2 by the dotted curve. For comparison, the density changes which 
were observed on the previous day when a sample of extract II had been 
bleached to completion by a single exposure (20 min) to ‘white’ light (see 
Fig. 1) are shown in Fig. 2 by the full-line curve. 

The small discrepancy between the direct measurements of the total changes 
(full-line curve, Fig. 2) and the sum of the separate changes (dotted curve, 
_ Fig. 2) is due to thermal decomposition. Although the solutions appeared to 
be thermally stable over the relatively short measurement periods (1 hr), a 
gradual loss of photosensitive material could be detected in unexposed solu- 
tions stored for long periods. Thus thermal decomposition of photosensitive 
pigments in the unexposed ‘blank’ cell (maintained at 20° C throughout the 
day) would, by lessening the difference between it and the exposed cell, con- 
tribute to the discrepancy. Also contributing, is the thermal loss re in 
the stored extract (3° C) between sampling times (1 day). 

The agreement between the summed changes of density and the direct 
changes following a single exposure to ‘white’ light shows that the “ end 
result is not dependent on the mode of bleaching. 

The experiments also show that the solution can be bleached in diseimilar 
stages. Thus (Fig. 2) the density losses were maximal at 545 my in the first 
exposure, at 538 rh in the second (both exposures being to orange-red light) 
and at 512 my in the third (to white light). The second exposure yielded a 
difference spectrum (curve 2, Fig. 2) very like that for visual pigment 533, 
suggesting that this pigment is a component of the solution. If so, then the 
difference spectrum obtained by the, first exposure to 610 my (curve 1, Fig. 2) 
would be ‘contaminated’ by that for visual pigment 533, indicating an even 
longer wavelength than 545 my for the true absorption maximum of the first 
‘pigment’. Similarly, the third and final bleaching with white light (curve 3, 
Fig. 2) would include any visual pigment 533 not removed by the two previous 
exposures to 610 my light. In this event, the true absorption maximum of the 
third ‘pigment’ would be at a shorter wavelength than 512 my.. 

For the present, the first and second ‘pigments’ may be classed se as 
the red-sensitive component of the extract and the third ‘pigment’, 
it is relatively unaffected by light, as the 
component. 


Variability of the extracts 

Nearly a year elapsed between obtaining the results just described and the 
subsequent work. A further supply of bleak then became available and three 
more extracts (III, IV and ary were prepared and examined. 
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- The first of these (extract III) had an absorption spectrum similar to those 

of extracts I and II. Extracts IV and V, on the other hand, had spectra which 
were displaced to shorter wavelengths. | 
This variation is shown in Fig. 3 in which the spectra ofallfive 
extracts have been scaled to the same maximum to facilitate comparison. : 
Whereas the maxima of extracts I-III lie between 525 and 528 mp, the — ) 
maximum of extract IV is at 524 mp and that of extract V at 518 my. That 
these differences cannot be accounted for on the grounds of variation in the 
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Fig. 3. Absorption spectra of the bleak extracts. The data are scaled to maxima = 100; actual 
maximum densities (0-5 cm path) are given in brackets: O, extract I (0-285); x, extract II 
(0-491); +, extract III (0-278); o, extract IV (0-300); ©, extract V (0-301). pH =8-15-8-68, 
temp. = 20° C. 


impurities is shown by the fact that similar differences exist between the 
respective ‘total’ difference spectra obtairied when the extracts were bleached 
to completion. Thus the ‘total’ difference spectra had maxima at 533-536 my 
in the case of extracts I-III, but at 525-527 my in the case of extracts IV 
and V. 

These differences between the extracts were found to be due to variation in 
the relative proportions of the constituent photosensitive pigments. Reasons 
for this variation are considered in the Discussion. 
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The red-insensitive component of bleak extracts 
The division of the photosensitive pigments in bleak extracts into red- 
sensitive and red-insensitive components is clearly shown in Fig. 4A. Curve 1 
is the absorption spectrum of an unbleached sample of extract IV; curve 2, the 
same after 4 hr exposure to red light (650 my). Given sufficient time, of course, 
the red light would have bleached the solution to completion but, at the stage 
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Fig. 4. A, the red-sensitive and red-insensitive components. Curve 1, absorption spectrum of 
extract IV, sample 1, before bleaching; curve 2, after 4 hr exposure to red light (650 my) 
which bleached the red-sensitive component; curve 3, after further exposure to white light 
which bleached the red-insensitive component. B, partial bleaching of the red-insensitive 
component, Curve 4, absorption spectrum of extract IV, sample 2, after bleaching out the 
red-sensitive component by 4 hr exposure to red light (650 my); curve 5, after 1 hr additional 
exposure to orange-red light (610 my); curve 6, after 1 hr additional exposure to blue-green 
light (500 my). pH =8-39, temp. =20° C. 


represented by curve 2 of Fig. 4, practically all the red-sensitive component 
had gone and bleaching had slowed to an almost negligible rate. On then 
exposing the solution to ‘white’ light from a 15 W lamp for 20 min, photo- 
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decomposition of the hitherto unaffected red-insensitive component occurred 
and the absorption spectrum of the solution changed to the aor bleached 
stage represented by curve 3 of Fig. 4A. . 


Homogeneity of the red-insensitive component 

By subtracting curve 3 of Fig. 4.4 from curve 2, the difference spectrum for 
the red-insensitive component is obtained. This difference spectrum has a 
maximum at about 510 my (cf. curve 3, Fig. 2). However, by so bleaching the 
red-insensitive component in one operation, we obtain no information about its 
homogeneity. Clearly, the test of partial bleaching which was applied to the 
extract as a whole can be applied also to its components. If, on partial bleaching, 
there is no variation in the percentage difference spectra obtained—no matter 
what wavelength of light is used for bleaching, nor what proportion of the 
component is bleached—then this would be strong evidence that the red- 
insensitive component is a single, homogeneous pigment. 

An example of the partial bleaching of this component is given in Fig. 4B 
where curve 4 is the absorption spectrum of another sample of extract IV after 
the red-sensitive component had been bleached out, with red light (650 mp, 
4 hr); curve 5 after exposure to orange light (610 my, 1 hr) and curve 6 after 
an additional exposure to blue-green light (500 mp, 1 hr). All three curves pass 
through an isosbestic point at c. 430 mp and the two difference spectra which 
can be obtained by subtracting curve 5 from curve 4 and curve 6 from curve 5 
are of similar shape. 

A number of experiments of this type were carried out (see Table 2) in which 
the red-insensitive component was bleached in instalments of various propor- 
tions (15-100% of the whole) by white light and by nearly monochromatic 
light of dominant wavelengths 610, 580, 570 and 500 my, respectively. 

In all experiments the changes from stage to stage were very similar. Some 
of the difference spectra are shown in Fig. 5 where they have been plotted with 
their maxima = 100 to facilitate comparison, Three of the four examples given 
in Fig. 5 have been selected from those results where it was certain that the 
red-sensitive component, originally present in the solutions, had been com- 
pletely removed by the previous exposures to light of long wavelength. In 
other experiments a little of the red-sensitive component still remained after 
the previous exposures. Consequently, in the subsequent bleaching of the red- 
insensitive component, the difference spectra obtained were ‘contaminated’, 
the first in a sequence being more affected than the others. An example of a 
contaminated difference spectrum is curve 3 of Fig. 2 which has a maximum 
at 512 my instead of at 510 my because of the concurrent bleaching of 
residue of red-sensitive component. In yet another instance, although the red- 
sensitive component had been fully removed, the experiment was interrupted 
at this point and the solution kept in darkness overnight. During this period 
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a very small amount of red-sensitive component was regenerated and was, 
therefore, bleached together with the red-insensitive component in the subse- 
quent experiments. In all these cases the contribution of the red-sensitive 
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Fig. 5. Difference spectra (max. =100) of the red-insensitive component (visual pigment 510). 
Using solutions from which the red-sensitive component had been previously bleached, the 
difference spectra were obtained as a result of the following exposures: @, 20 min 15 W lamp 
(AD = 00785); x, 1 hr 500 mp (AD,,,,. = —0-0304); +, 2 br 580 mp (AD,,,. = 
~ 0-0437 after correction, as described in text, for the contribution due to the red-sensitive 
component); ©, 1 hr580 mp (AD,,,, = -0-0171). For further details see Table 2. Extract IV, 

samples 1, 2 and 3, pH =8-39, temp. = 20° C. 


component to the observed difference spectra was small and could be calculated 
by a method which has been described previously in connexion with visual 
pigments 467 and 533 (Dartnall, 1952, fig. 7). After correction in this way all 
‘contaminated’ difference spectra became closely similar and one of them is 
shown in Fig, 5. 
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Thus, when the red-insensitive component was bleached, as a whole or in 
part, by white light or by monochromatic lights of wavelengths 610, 580, 570 
or 500 mp, the same difference spectrum was always obtained. From these 
results it is concluded that the red-insensitive component is a single, photo- 
sensitive pigment. It is evident, from the positive portions of the difference 
spectra of Fig. 5, that the absorption maximum of this pigment is at c. 510 my 
and, from the negative portions, that when bleached it forms a — 
having an absorption maximum close to 380 my. 


Comparison between the red-insensitive pigment (visual pigment 510) and visual 
pigment 502 ( frog visual purple) 

The difference spectrum at pH 8-39 for the red-insensitive pigment (mean 
of the results in Fig. 5) is given by the continuous-line curve in Fig. 6. The 
difference spectrum for visual pigment 502 under similar conditions (pH 8-65) 
is shown by the circles. To obtain these results a digitonin extract from the 
frog, Rana esculenta, was made. The absorption spectrum of the extract was 
then measured before, and also after, bleaching by white light. 

The difference spectrum for the red-insensitive pigment is similar in shape 
to that for visual pigment 502, but is displaced to longer wavelengths. The 
displacement is about 8 my at the respective maxima, which indicates that 
the absorption maximum of the red-insensitive pigment is at 510 my. 

However, it is conceivable that the pH measurements on the bleak solutions 
might have been spuriously affected by some unknown factor and that the 
observed disparity between the difference spectra was due to non-equation of 
the pH. If so, and if the two pigments were in fact the same, then it should be 
possible to identify the observed data for the red-insensitive pigment with a 
difference spectrum for visual pigment 502 at some other pH. 

To examine this possibility two further. difference spectra are shown in 
Fig. 6. They have been constructed from Lythgoe’s (1937) results and are the 
difference spectra for visual pigment 502 (ex Rana temporaria) at pH 5:2 
(dotted curve) and pH 10-0 (dashed curve). Lythgoe’s data for pH 8-5 (not 
shown) closely resemble the circles. None of these difference spectra agrees 
with the data for the bleak. This proves that the red-insensitive pigment of 
bleak (visual pigment 510) is distinct from visual pigment 502 of the frog. 


Regeneration of visual pigment 510 

The bleak extracts did not display any remarkable regeneration phenomena. 
Unlike extracts of carp retinae (Crescitelli & Dartnall, 1954), in which regenera- 
tion after bleaching was sometimes so active as to vitiate the experiment, no 
regeneration was observed during the measurement period (1 hr) following © 
exposure to light. However, some experiments extended over long periods 
(Table 2) and, at the end of each day’s work, the partially bleached solution 
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was stored in darkness in a refrigerator (3° C). The following day, small 
changes in the absorption spectrum were found which showed that regenera- 
tion had occurred, though to a very slight degree. 
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Fig. 6. Comparison between the difference spectra of visual pigments 510 and 502. Full-line 
curve, mean difference spectrum for VP 510 (pH =8-39, temp. = 20° C). Circles, difference 
spectrum for VP 502 (pH =8-65, temp.=20° C). Lythgoe’s (1937) difference spectra for 
VP 502 at pH 10-0 and pH 5:2 are given by the dashed-line and dotted-line curves 


respectively, 


In one experiment (extract IV, sample 3) the red-sensitive component was 
entirely bleached by a succession of exposures to light of long wavelength (see 
Table 2). The experiment was interrupted at this stage and the solution stored 
overnight. During this period a small amount (c. 3%) of the red-sensitive 


‘ 
¥ 
Ga 
t 
iy 
4 
aq 
¥ 
4 
Ww 
= 
: 
Rs 
& 
a 


144 | H. J. A. DARTNALL 


component was regenerated. The experiment was then resumed and the solu- 
tion, which (as regards photosensitive materials) now contained only visual 
pigment 510 and the small amount of regenerated red-sensitive pigment, was 
bleached, almost to completion, by two exposures to light of wavelength 580 my. 
The first of the two difference spectra obtained was found to include a contribu- 
tion from the red-sensitive component, in quantity equal to that regenerated 
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Fig. 7. Comparison between the regeneration and bleaching difference spectra of visual pig- 
ment 510. Regeneration difference spectrum (pH 8-39, temp. =20° C, regeneration time 
19 hr) shown by symbols as follows: ©, measurements made from 380 to 580 my; @, return 
measurements from 570 to 390 mp. Full-line curve, mean bleaching difference spectrum 
(pH 8-39, temp. = 20° C) scaled to the same maximum. 


in the storage period. The second difference spectrum was due to pure visual 
pigment 510. The bleached solution was then stored overnight as before. 
Again, regeneration occurred. On this occasion, however, the maximum 
density increase was at c. 510 my. 

The density changes for this second regeneration are shown by the empty 
and filled circles in Fig. 7. The full-line curve is the mean difference spectrum, 
scaled to the same maximum, for the bleaching of visual pigment 510. The 
two spectra agree as well as can be expected when one considers the 
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small changes involved and the fact that the regeneration spectrum refers to 
an overnight (19 hr) interval, and hence includes other changes which may 
have taken place in the solution during this period. The regenerated pigment 
appears to be identical with the original visual pigment 510. 


The red-sensitive component 
Non-homogeneity of the red-sensitive component 
_ The removal by bleaching of the red-sensitive component in the extracts was 
a necessary prelude to the investigation of the red-insensitive component. 
Having established that the latter substance is a single photosensitive pigment 
with absorption maximum at 510 my, we may now turn our attention to the 
results obtained in the preceding experiments. 

The red-sensitive component was bleached, sometimes in a single prolonged 
exposure, sometimes in stages (Table 2). In these experiments, the mono- , 
chromatic bleaching lights used were chosen from the long-wavelength region 
of the spectrum in order to avoid affecting the ‘red-insensitive’ visual pig- 
ment 510, 

The difference spectra obtained (Fig. 8) were all similar in shape, but varied 
in spectral position, their maxima ranging from 545 to 535 my. The extremes 
are indicated in Fig. 8 by the dotted curve (maximum at 545 my) in one case, 
and by the continuous-line curve (maximum at 535 my) in the other. 

Even though the bleaching lights were of long wavelength (610, 650 or 
680 my) a small proportion of the visual pigment 510 my must always have 
been bleached by them. Consequently all the difference spectra in Fig. 8 are 
slightly and variably ‘contaminated’ by changes due to this pigment. It is 
possible to calculate the approximate contributions of visual pigment 510 to 
the difference spectra in Fig. 8, These contributions were always small: at 
510 mp they never exceeded 7% of the observed density change at the Ajay. 
of the difference spectrum, and were usually much less. Contamination of this 
order of magnitude is quite inadequate to account for the variation in the 
difference spectra of Fig. 8. It must be concluded, therefore, that the red- 
sensitive component is not homogeneous, but is a mixture of red-sensitive 


pigments. 


Presence of visual pigment 533 in the red-sensitive component —_— 

In Fig. 8 the full-line curve which defines one of the extreme positions of the 
various difference spectra in this group, is, in fact, the difference spectrum of 
visual pigment 533. This homogeneous pigment has, so far, been found in the 
tench and in the pike (Dartnall, 1952). The fact that none of the various 
difference spectra obtained was significantly to the left of this curve suggests 


that one pigment of the red-sensitive component is visual pigment 533. The 
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TaBLE 2. Details of the experiments 


Bleaching conditions 
Age of sample " Dominant : Maximum density 
Extract (days) wavelength Duration change* 
I (sample 1) 0 15 W lamp 20 min ~ 02500 at 535 my 
I (sample 2) 20 15 W lamp 15 min ~ 0:1685 at 534 my 
II (sample 1) 0 15 W lamp 20 min - 04430 at 536 my 
II (sample 2) 610 my —0-1185 at 545 mu 
610 m 2 hr 0-2150 at 538 mp 
15 W lamp 20 min — 0-0980 at 512 my 
TTI (sample 1) 15 W lamp 20 min ~ 0-2445 at 533 mu 
ITI (sample 2) 4 650 mp 2 br - 0-1680 at 538 my 
Filtered lightt 20 min ~ 0-0243 at 522 myt 
: 15 W lamp 20 min ~ 0-0240 at c. 510 mp 
IV (sample 1) 1 650 m 4hr — 0-2152 at 536 mu 
. 15 W lamp 20 min ~ 0-0735 at 508 mu 
IV (sample 2) 5 650 my 4hr Not recorded 
610 mp 0-0360 at 513 mp 
500 my lhr ~ 0-0304 at 507 mu 
IV (sample 3) 7 680 my 2 hr ~ 0-0825 at 539 my 
650 my 1 hr ~0-0810 at 536 my 
650 my lhbr -0-0172 at c. 526 
Darkness 17 hr +0-0055 at c. 540 mp 
580 my 2 hr 0-0486 at 514 mp 
580 mp lhbr -0-0171 at 510 my 
Darkness 19 hr +0-0055 at c. 510 mu 
500 m 3 hr - 0:0106 at 506 my 
: 15 W lamp 20 min ~ 0-0070 at 407 mp§ 
V (sample 1) 0 680 my lhr — 0-0306 at 539 my 
Darkness 16 hr 
650 my 2 hr — 0-1020 at 538 mu 
680 mu 193 hr 
570 mu lhr ~— 0-0485 at 510 mu 
570 mu l hr 0-0213 at 508 my 


* The negative sign denotes bleaching; the positive sign, regeneration. Wavelengths of maxi- 
mum density change were estimated by drawing, freehand, a curye through the experimental 
points. 

t Light from a 100 W lamp was passed through an Ilford ‘monochromatic’ filter no. 608 (red). 

_ } These changes were due to bleaching of both red-sensitive and red-insensitive components. 
Normally the amounts of red-insensitive component bleached by long-wavelength light could be 
neglected in comparison with the much larger amounts of red-sensitive component. In the present 
instances, however, nearly all the red-sensitive component had been removed by the previous 


§ The photoproducts of the visual pigments were not absolutely insensitive to light. This small 
density loss was due to fading of photoproducts. Normally such changes were negligible in com- 
parison with those due to bleaching of the visual pigments. However, towards the end of a series 
of bleaching experiments (when the solutions contained large amounts of photoproducts and only 
very small amounts of visual pigment 510) the fading of photoproducts distorted the difference 
spectra and resulted in a displacement of the wavelength of maximum change towards shorter 
wavelengths, 

|| Extract V was slightly unstable. Over long periods of time changes due to this irrelevant 
instability masked those due to changes in the visual pigments. 
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observed variation in the difference spectra of Fig. 8 can then be ascribed to 
the combined bleaching of visual pigment 533 with varying proportions of 
another pigment which has a A,,,, at a longer wavelength. 

Again, when the red-sensitive component was bleached in stages it was 
observed that the difference spectra relating to the later instalments of 
bleaching were more like that for visual pigment 533 than were those for the 
earlier instalments. This tendency of the difference spectra to approach the 
form for that of visual pigment 533 as bleaching progressed is illustrated by 
an experiment on a sample of extract II. The first bleach (with light of wave- 
length 610 my) yielded a difference spectrum with maximum at 545 my; the 
second bleach, one with maximum at 538 my (see curves | and 2 of Fig. 2). 
Other examples will be found in Table 2. 

Furthermore, another source of variation was in the extracts themselves 
(Fig. 3). The relative proportions of the red-sensitive pigments were not con- 
stant in all extracts. Extract V, for example, was deficient in the more red- 
sensitive member for when partially bleached with light of long wavelength, 
it yielded difference spectra very like that for pure visual pigment 533 (see, for 
example, ‘O’ in Fig. 8). 

The only apparent explanation for all these facts is that the red-sensitive 
component is a mixture of visual pigment 533 and another component which 
absorbs maximally at a longer wavelength than 533 my. For convenience, 
this other component will be called pigment X without prejudice to the ques- 
tion as to whether it is a single pigment or a mixture. 


The other member (pigment X) of the red-sensitiwe component 

Homogeneity of pigment X. The results of Fig. 8 represent substantially the 
difference spectra of mixtures of visual pigment 533 and pigment X. The small 
contributions of visual pigment 510 can be neglected without appreciably 
affecting the ensuing arguments. The relative proportions in which pigment 533 
and pigment X were bleached in any particular case depended (a) on the 
amounts present in the solution at the beginning of the experiment, (b) on the 
wavelength (610-680 my) of the bleaching light, and (c) on the duration and 
intensity of the exposure. The mixed difference spectra obtained (Fig. 8) 
range from a curve almost identical with that for visual pigment 533 to one 
which is bodily shifted by about 10 mp towards longer wavelengths, and which 
has a maximum at 545 mp. Clearly this latter curve (Fig. 8, dotted line through 
crosses) contains a larger contribution from pigment X than do the other 
curves. 

This extreme difference spectrum is replotted in Fig. 9 (curve A) with an 
ordinate seale of actual density changes. In the experiment (Table 2, extract II, 
sample 2) which yielded this result, the bleaching light had a wavelength of 


610 mp and hence must have caused the bleaching of some visual — 533 
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as well as of some pigment X. If we knew the amount of visual pigment 533 
which had been bleached, then its contribution to the density changes through- 
out the spectrum could be calculated. On subtracting these quantities from 
curve A, Fig. 9, we would then be left with the density changes due solely to 


pigment X. 
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Fig.8. Arepresentative selection of thedifference spectra(—AD,,,,, = 100) obtained when the bleak 
extracts were partially bleached by lights of long wavelength (610, 650 or 680 my). Two 
extreme difference spectra are shown by the symbols + (extract II, AD,,,, = —0-1185) and 
© (extract V, AD,,,, = —0-1020). Five difference spectra of intermediate type are shown 
by the symbol @ (extracts II, III and IV, AD,,,. = —0-0810, —0-0825, —0-1680, —0-2150 
and —0-2152 respectively). pH =8-15-8-68, temp. = 20° C. The dotted curve is drawn through 
the points + and the full-line curve is the difference spectrum for visual pigment 533 at 


pH 8-6 and 20° C (Dartnall, 1952). 


At 535 my (A,,,,. for the difference spectrum of visual pigment 533) the 
ordinate value of curve A, Fig. 9, is 0-117. If we assume that the whole of this 
density change is due to the bleaching of visual pigment 533 and subtract the 
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appropriate allowances at other wavelengths from curve A, then curve K, 
Fig. 9, remains. If, on the other hand, we assume that only one half of the 
density change at 535 my is due to visual pigment 533 and carry out a similar 
series of subtractions from curve A, the remainders give curve F. The eleven 
curves in Fig. 9 are a selection of estimates for the difference spectrum of 
pigment X on the several assumptions that 0, 10, 20%, ..., or 100% of the 
density change at 535 my is due to visual pigment 533. 

A similar series of estimates can be obtained by starting with any of the 
experimental curves in the ‘red-sensitive’ group. When this is done it is found 
that the results are in strict correspondence with those just described. For 
example, if for every experimental curve it is supposed that the magnitude of 
the visual pigment 533 contribution is such as would account wholly for the 
density change observed at 535 my, then the resulting estimates for the pig- 
ment X difference spectrum are all submultiples of curve K, Fig. 9. If, on the 
other hand, it is assumed that the amounts of the visual pigment 533 contribu- 
tion are such as to account for the density changes observed at 503 my (the 
wavelength at which curve J, Fig. 9, crosses the axis) then the curves which 
remain after the subtraction procedure are all submultiples of curve J, Fig. 9. 
Any other of the estimates in Fig. 9 can be similarly reproduced by making 
the appropriate assumption about the magnitude of the visual pigment 533 
contribution. 

This strict correspondence could only arise provided each experimental 
difference spectrum in the ‘red-sensitive’ group were expressible as the alge- 
braic sum of but two curves—in amounts which vary from case to case. Since 
one of these curves is the difference spectrum of visual pigment 533, only a 
single curve is left to describe pigment X. It follows, therefore, that pigment X 
must be a single, i.e., a homogeneous pigment. 

The difference spectrum of pigment X. Is there a criterion for choosing the 
true difference spectrum of pigment X from the infinite number of possible 
curves, some of which are drawn in Fig. 9? It has been found (Dartnall, 1952) 
that the upper portions of the difference spectra of the known visual pigments 
are very similar in shape when plotted on a frequency (reciprocal wavelength) 
scale and hence can be made to coincide by simple displacements along the 
frequency axis. When this is done for the visual pigments 467, 502, 533 and 565, 
for example (Dartnall, 1952, fig. 11) it is found that the data for the upper 
portions of the respective difference spectra are effectively coincident and a 
smooth curve can be drawn through them. This curve can be used as a standard 
for comparison with the curves of Fig. 9. To carry out the comparison it is 
necessary to replot the curves in Fig. 9 on a frequency scale having first 
multiplied them by suitable factors to bring their maxima to a common value 
(100). It is then found that curve F (A,,,,.=553 my) in Fig. 9 is nearest in 
shape to the standard curve. 
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The comparison is epitomized in Table 3 in which the widths of the curves 
(in frequency units) at their semi-maximal heights is sg et as & Measure 
of shape. | | 
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Fig. 9. Possible difference spectra for pigment X (see text). Curve A (through circles) is an 
experimental difference spectrum obtained by exposing extract II to light of wavelength 
610 my for 1 hr. This curve is composite and consists of a mixture of the difference spectra of 
pigment X and visual pigment 533. Curves B-K represent estimates for the difference 
spectra of pigment X on the assumptions that 10-100% of the observed density change at 
535 my is due to visual pigment 533. 


ABLE 3 
Width at semi- 
Curve in maximum height 


Width of standard curve at semi-maximum height =3810 em-. 


Table 3 shows that curves A to F in Fig. 9 are broader than the standard 
curve and that curves G to K are narrower. Additional curves beyond K— 
which could be constructed on the assumption that the contributions of visual 
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pigment 533 were greater than that just necessary to account for the observed 
density change at 535 my—are narrower still. 

Curves H to K in Fig. 9 are decidedly narrower than the standard and hence 
may be rejected as possible difference spectra of pigment X. On the other 
hand, curves A to # are only slightly too broad and it would be hazardous to 
assert that they can be excluded. It is safer to admit all curves which have a 
width at their semi-maximal heights within +4°% of the mean value, 3810 
(this being the approximate range within which the difference spectra of the 
visual pigments lie), Taking this range of values (3660 to 3960), the broadest 
curve which can be accepted is curve B (Amax.=545 my) and the narrowest a 
curve midway between G and H and having Amax.=561 my. 

The Amax. for the difference spectrum of pigment X thus lies between 545 
and 561 my, i.e. at 553+8 my. Since, in alkaline solution, the maximum for 
a difference spectrum is at a wavelength about 2 my longer than that for the 
visual pigment (cf. Crescitelli & Dartnall, 1954) this indicates 551 my for the 
Amax. of pigment X. In round figures we may say that the absorption maximum 
of pigment X is at 550+8 my. 

The difference spectrum of pigment X (visual pigment 550) has a minimum 
at 405-410 my (see curve F, Fig. 9). This shows that when visual pigment 550 
is bleached it is transformed into a photoproduct having Amax. at 405-410, i.e. 
similar to that for the photoproduct of visual pigment 533. 


DISCUSSION 
This investigation has shown that the visual pigment solutions prepared from 
retinae of dark-adapted bleak contain three photosensitive substances. One 
of these, visual pigment 533, is already known from its occurrence in pike and 
tench (Dartnall, 1952). The two other photosensitive pigments, which have 
absorption maxima at 510+3 and 550+8 my respectively, have not been 
previously described. 

The light-absorbing properties of visual pigment 533 have been shown to 
account quantitatively for the scotopic sensitivity curve of the tench (Dartnall, 
1953), as measured by a micro-electrode technique (Granit, 1941). It seems 
probable that visual pigment 533 has a similar function in the bleak retina. 
Unfortunately, however, no visual sensitivity curve of this fish has yet been 
measured. For this reason it is not possible to say what function any of the 
photosensitive pigments described in the present work has in the vision of the 
bleak. They have been called visual pigments in accordance with a system of 
nomenclature previously proposed (Dartnall, 1952). According to this system 
the term ‘visual pigment’ is applied to those light-sensitive substances which 
can be extracted from the outer limbs of the retinal rods and cones and which 
have a number of physical and chemical properties in common with known 
visual pigments. 
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It is likewise impossible to say whether the three pigments exist as a mixture 
in vivo, or whether they are segregated in distinct retinal structures. The latter 
would seem more probable for a photomicrograph (PI. 1) of a retinal section, 
prepared by Dr K. Tansley, clearly shows the presence of at least two types of 
photoreceptor, namely rods and cones. 


 Tasux 4. The relative proportions of visual pigments 510, 533 and 550 


in extracts II and 
| Amounts of pigments — 
Extract Bleaching conditions* VP 510 VP533t VP 550t 

ITI (sample 2) 1 hr, 610 mp Trace§ 0-058 0-063 
2 hr, 610 m | Trace 0-150 0-067 
20 min, 15 W lamp 0-098 Trace Trace 
Totals 0-098 0-208 0-130 

Ratios || 10 2:1 1:3 
IV (sample 1) 4 hr, 650 mp Trace 0-161 0-057 
20 min, 15 W lamp 0-0735 Trace Trace 
Totals 0-0735 0-161 0-057 

1-0 2-2 0-8 


* See Table 2. 

+ Expressed in terms of the maximum density loss ( — AD,,,,) on bleaching. Since, in alkaline 
solution, the density at A,,,, of the photoproduct of a visual pigment is very small, these figures 
approximate closely to the densities (at A,,,,) of the pigments before bleaching. | 

t The contributions of visual pigments 533 and 550 to any particular difference spectrum can 
be calculated only approximately because of the uncertainty regarding the true difference spectrum 
of visual pigment 550 (cf. Fig. 9). The figures given are on the assumption that curve F of Fig. 9 
s a true difference spectrum of visual pigment 550. 

§ The amounts of visual pigment 510 which were bleached by long-wavelength light were quite 
small (see text). Similarly, the amounts of visual pigments 533 and 550 which remained unbleached 
after exposure to the long-wavelength light, and which were accordingly bleached in the final 
exposure to white light, were also small. No allowance has been made in the table for these 
quantities since, to a first approximation, they balance out. - 

|| Optical density is proportional to the product of concentration and extinction coefficient. 
Consequently the relative amounts of the three pigments present in extract II (for example) are 
given by 1-O/agi9, and 1+3/ag59 where ANd are the extinction coefficients of 
the three pigments at their respective absorption maxima. 


The relative amounts of visual pigments 510, 533 and 550 
present in the extracts 
Varvabtlity a the extracts. Reference has already been made (Fig. 3) to the 
variation in the absorption spectra of the five extracts. From the results of the 
partial bleaching experiments (Table 2) it was evident that this was due to 
variation in the relative proportions of the constituent. pigments. This is 
illustrated in greater detail in Table 4 in which the amounts of each of the three 
pigments have been calculated for two cases (extracts II and IV). In Fig. 10 
the absorption spectra of visual pigments 510, 533 and 550 have been 


drawn to scales which represent their approximate relative Speen in 
extract IT. 
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Differential loss of pigments on storage. A gradual loss of photosensitive 
material occurred during storage (3° C) of the extracts in darkness for pro- 
longed periods. Samples drawn from extracts after several days’ storage were 
found to be less dense than the original ones. In the case of extract I (prepared 
from whole retinae) the density losses were maximal at 540 my (original 
density at 540 mu=0-277, density after 20 days=0-200): in the case of 
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Wavelength in mp 


Fig. 10, Absorption spectra of the three visual pigments in bleak retina in the proportions in 
which they occurred in extract II. +, visual pigment 510; 0, visual pigment 533; @, visual 
pigment 550. The dotted curve is the sum of these three curves brought, for comparison, to 
the same maximum (100) as that for visual pigment 533. | 


extract IV (prepared from the isolated outer limbs of the photoreceptors) the 
losses were maximal at 535 my (original density at 535 mu =0-298, density 
after 7 days=0-258). 

The main interest of these figures is that the wavelengths at which maximal 
thermal loss of density occurred were longer than those at which maximal 
photochemical loss was observed, when the solutions were completely bleached 
by white light. This suggested that the solutions contained a mixture of pig- 
ments and that those pigments absorbing in the higher reaches of the spectrum 
were less stable than those absorbing at shorter wavelengths. This was con- 
firmed when samples of extract IV of different ages were examined by partial 
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bleaching. The results obtained (Table 2) showed that the 7-day-old sample 
contained less red-sensitive component (visual pigments 533 and 550) than the 
day-old one, but that the amount of red-insensitive component (visual pig- 
ment 510) had hardly changed. 

Reasons for variability. When its was found that extracts III and IV con- 
tained a smaller proportion of the red-sensitive component than did extract IT, 
this was thought to be due to differences in extraction procedures. Thus, 
extracts I and II had been prepared by treatment of whole, washed retinae 


with the digitonin solution; whereas extracts III and IV had been prepared 


from the outer limbs of the photoreceptors. Now the isolation of the outer limbs 
was a wasteful process, a fair proportion of them being lost in the final washing 
(see Methods). It seemed possible that the losses were differential and thus 
accounted for the lower proportion of red-sensitive component (and, in par- 
ticular, of visual pigment 550) in extracts III and IV. Accordingly, the final 
extract (V) was prepared from whole retinae, in the expectation that a larger 
proportion of visual pigment 550 would be obtained once more. However, 
when extract V was examined it proved to be no richer in this pigment than 


had been extracts ITT and IV. Thus the variability was not primarily due to” 


differences in extraction procedure. 

Unfortunately no more bleak could be obtained and so the problem could 
not be pursued further. It is not profitable to discuss other possible causes of 
variability but it is proper to record that the digitonin used in the preparation 
of extracts III, IV and V was from a source different from that. used in making 
extract IT. The possibility that the quality of the digitonin could determine 
the presence or absence of a visual pigment in a retinal extract should not be 
overlooked. 

Conclusion 

The demonstration of three photosensitive pigments in extracts of bleak 
retinae would be of greater interest if data existed for the spectral sensitivity 
curves of this fish. It might then be possible to relate the light-absorbing 
properties of the pigments to their visual functions. In the absence of such 
data, however, the main interest in the results of the present investigation is 
this: the spectral properties of a mixture of visual pigments can resemble those 
of a single, homogeneous visual pigment. 

For example, if the absorption spectra of the visual pigments 510, 533 and 
550 are added together in the proportions in which these pigments were present 
in extract IT (Fig. 10), the resulting curve is quite smooth and free from 
irregularities and has a maximum at about 530 my: in fact it closely resembles 
the absorption spectrum of visual pigment 533 alone. 

In other extracts, the three pigments were present in somewhat different 
proportions. Nevertheless, in all cases, the absorption spectra of the extracts 
(Fig. 3) were smooth curves, each with a single maximum. 
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These results illustrate, first, that agreement between the spectra of solu- 
tions is not, by itself, a sufficient proof of their identity and, secondly, that if 
a retinal extract contains a mixture of visual pigments there is no guarantee 
_ that this fact will be revealed by irregularities in its absorption spectrum. All 
retinal extracts should be examined for homogeneity, even though their absorp- 
tion spectra may closely resemble those of known, homogeneous pigments. 


SUMMARY 

1. Photosensitive solutions were prepared from dark-adapted bleak by 
treating either whole retinae or the isolated outer segments of the photo- 
receptors with 2% digitonin solution. 

2. The homogeneity of these solutions was tested by the method of partial 
bleaching, i.e. by comparing the changes in absorption (difference spectra) 
which occurred when the solutions were exposed to lights of various spectral 
compositions for times insufficient to cause total bleaching. 

3. It was found that the photosensitivity of the solutions was due to two 
components—a red-insensitive component which is not markedly affected by 
light of wavelengths longer than 610 my, and a red-sensitive component which 
can be bleached by such lights. — 

4. The homogeneity of the red-sensitive component was investigated by 
partially bleaching the solutions with lights of long wavelength. The difference 
spectra obtained were not all alike, their maxima ranging from 535 to 545 mp. 
These variable results prove that the red-sensitive component is not homo- 
geneous and indicate that it consists of two red-sensitive pigments. 3 

5. One of the red-sensitive pigments is visual pigment 533, as found in the 
tench and pike (Dartnall, 1952). The other is a photosensitive pigment with 
absorption maximum at 550+ 8 mu. 

6. After bleaching out the red-sensitive component from the solutions, the 
homogeneity of the red-insensitive component was studied by bleaching it in 
instalments, using short-wavelength light of various spectral compositions. 
The difference spectra obtained (when plotted with their maxima = 100) were 
all substantially the same, showing that the red-insensitive component is a 
single, homogeneous pigment. It has a maximum at 510 + 3 my and was shown 
to be distinct from visual purple (visual pigment 502). 

7. Although the bleak extracts contained three photosensitive pigments, 
the absorption spectra were smooth curves with single maxima. In one extract 
the three pigments were present in such proportions that the absorption 
spectrum of the whole extract closely resembled that for a single visual pig- 
ment (visual pigment 533). This emphasizes the need for testing the homo- 
geneity of all retinal extracts, even in unpromising cases. 


I wish to record my thanks to Miss D. J. Taylor for assistance in preparing the figures for this 
paper. 
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_ EXPLANATION OF PLATE 


3 ee i, of a section of the retina of a dark-adapted bleak (Alburnus lucidus). Magnifica- 


tion x 380. (By courtesy of Dr Katharine Tansley.) 
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PLATE 1 
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epithelium 


Cone nuclei 


Rod nuclei 


(Facing p. 156) 
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ON THE LOCALIZATION OF ACETYLCHOLINE RECEPTORS 


| By J. pet CASTILLO anp B. KATZ 
From the Department of Biophysics, University College London, W.C. 1 


(Received 2 November 1954) 


The presence of special. chemoreceptor substances at the motor end-plate was 
recognized when Langley (1907) showed that the junctional region of a muscle 
is highly sensitive to certain chemical stimulants. With the use of single fibres, 
Buchthal & Lindhard (1937) and Kuffler (1943) demonstrated that the 
stimulating action of acetylcholine (ACh) is restricted to the synaptic area of 
the muscle membrane, or at least that the potency of ACh at the end-plate 
greatly exceeds that at nerve-free regions. More recently, it became possible 
to use micropipettes for very localized applications of ACh* ions to single end- 
plates. This method was employed by Nastuk (1951, 1953, 1954) who showed 
that a pipette of less than 0-5 tip diameter can be used, either as a continuous 
point source from which ACh is allowed to diffuse at constant rate towards a 
nearby end-plate, or, even more effectively, as a momentary source from which 
ACh* ions are released electrophoretically, the quantity of the discharge being 
_ controlled by the strength and duration of an outward-passing current pulse. 
This method offers further advantages, for the pipette is small enough to be 
inserted into the interior of the muscle fibre. Thus, given amounts of ACh can 
be applied to both sides of the end-plate membrane either in the conventional 
manner, to the outer surface of the membrane which faces the nerve endings, 
or to the inner surface which faces the sarcoplasm. Experiments will be de- 
scribed which show that intracellular application of ACh is, relatively or com- 
pletely, ineffective (see also Castillo & Katz, 1954c). The evidence supports 
the view that specific chemoreceptors are located on the external surface of 
the end-plate, that is on the side of the muscle membrane which makes contact 
with the nerve endings, while the internal surface of that membrane is in- 
sensitive to applied ACh. | 
METHODS 

The principle of the method is shown in Fig. 1. In every experiment, a micro-electrode (1) was 
inserted into the junctional region of a frog muscle fibre (isolated sartorii of English Rana temp.), 
in the way previously described (e.g. Fatt & Katz, 1951) and served, together with an external 
bath electrode, to register the potential difference across the end-plate membrane. (As in previous 


papers, the term ‘end-plate’ is used here to refer to the post-synaptic membrane, i.e. the portion of 
the muscle fibre which is contacted by the motor nerve endings.) | 
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Another pair of electrodes, including micropipette 2, was used for the ionophoretic application 
of ACh+. The pipette was filled with a concentrated solution of acetylcholine chloride, the exact 
concentration being varied in different experiments between about 0-5 and 3-3 m. The rate of flow 
of ACh from the tip of the pipette was controlled by voltage pulses applied between an electrode 
inside the pipette and the bath. The theoretical relation between applied voltage and ACh+ 
current will be discussed elsewhere by W. Rall. 


Fig. 1. Diagram showing methods of application of ACh to a motor end-plate. A superficial 
muscle fibre, with its nerve supply, is represented in each case. Pipette 1 is the intracellular 
recording electrode, filled with 3 m-KCl. Pipettes 2 and 3 are filled with ACh-chloride and 
connected to a d.c. source. In a, ACh is discharged into the bath, external to the end-plate 
membrane, In }, ACh is discharged into the interior of the muscle fibre. In c, the two methods 
of application are combined. 


from which ACh diffuses at a rate which is inversely proportional to the electrical resistance of the 
tip. Pipettes of widely varying resistances were employed (ranging from about 30 to several 
hundred MQ). With low-resistant pipettes the steady flux of ACh was sufficient to produce 
appreciable depolarization as the tip approached the end-plate. However, the diffusion effect 
could be stopped by applying a small negative voltage (a few tenths of a volt) to the inside of the 
pipette, producing an opposing, inward, current of less than 10-* A. When high-resistant pipettes 
were used, it was possible to bring the tip very close to a sensitive spot of the end-plate without 
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observing any ‘background’ depolarization. When a positive voltage pulse was then applied to 
the interior of the pipette, the outward current was accompanied by a sudden discharge of ACh 
ions from the pipette and produced a transient depolarization of the end-plate. Potential changes 
of this type are sometimes called ‘end-plate potentials’ because of their analogy to the e.p.p. set 
up by a nerve impulse. However, to avoid misunderstanding we shall refer to the artificially _ 


_ produced depolarization as ‘ACh potential’, 


To summarize, if an ACh-filled pipette (Fig. 1a) is moved close to a superficially located end- 
plate, three effects may be observed: (i) a slow depolarization due to steady diffusion of ACh; 
(ii) stoppage of the diffusion effect, on applying a ‘braking’ current (pipette negative); (iii) a large 
depolarization (ACh potential), brought about by electric release of ACh ions (pipette positive). 

In Fig. 1, three alternative procedures of micro-application are shown. In (a), the external 
approach to an end-plate is illustrated. In (b) the end-plate has been penetrated by the ACh — 
pipette and the substance can now be applied from the inside of the muscle fibre. It will, of 
course, be noted that in position (6) any current pulse flowing through the pipette must also pass 
through the fibre membrane and, therefore, build up an electrotoniec potential across it. In fact, 
the presence or absence of electrotonic potentials was used as evidence to show whether the tip of 
the pipette had penetrated the muscle fibre. In the case (c), two ACh-filled pipettes are employed 
simultaneously, one for intra-, and the other for extracellular application. The separation of the 
micropipettes was usually not more than 100-200 p. 

The present method has the advantage of rapid and selective local application, and it is especially 
suited for a comparison of intra- and extracellular effects of ACh, but it also has some limitations. 
Difficulties arise from inconstancy in the electrical properties of the micropipette and from the 
complicated and variable spatial relation between receptor sites and ACh source. A minute 
change of position can strikingly alter the result; and a change in the tip resistance can have 
serious effects: e.g. diffusion may suddenly become a disturbing factor and interfere with the 
placing of the pipette near a critical spot. Quantitatively, results obtained from different end- 
plates are bound to vary a great deal, for they depend on the ‘layout’ of the receptors on the surface 
of the fibre, Furthermore, complications occur because nearby and more distant receptors within 
a single end-plate are not equally affected by the discharge of ACh from a point source. With a 
given dose, receptors at very close range may be saturated, or even damaged, by the momentary 
attainment of an excessive concentration, while more distant receptors are acted upon more slowly 
and at lower concentration, This situation differs from the normal process of transmission and also 
from the more conventional methods of drug application in which the whole receptor area is 
subjected to a uniform dose. 

The procedure of locating suitable motor end-plates differed from that previously employed 
(Fatt & Katz, 1951, 1952) in which peak positions of e.p.p.’s (or. of miniature e.p.p.’s) were 
selected. This method is of relatively little use for the present purpose because it does not dis- 
criminate between end-plates which are situated on the exposed surface of the muscle fibre—and 
therefore readily accessible to an applied drug—and others on the deep surface of the fibre, or 
concealed by overlapping tissue. The method used here consisted of a coarse preliminary localiza- 
tion, pursuing fine nerve twigs along the surface of the sartorius, approaching suspected end-plates 
with a low-resistant ACh pipette and noting critical points at which electrophoretic release of ACh 
gave rise to a twitch. Having mapped a few positions in this way, more accurate localization was 
attempted during the experiment itself, by trial and error, using as a guide the changes in time course 
and amplitude of the ACh potential when the pipette was moved about with the manipulator. 

Penetration of the membrane by the ACh pipette was always signalled by the appearance of 
electrotonic potentials, while repetitive current pulses were passed through the pipette. It was 
frequently necessary to apply ‘braking’ pulses (making the pipette negative) while the tip was 
pushed through the fibre surface, for otherwise there was a risk of setting up spikes and twitches 
when the tip came into contact with a sensitive surface spot of the end-plate. As an additional 
safeguard, the calcium concentration was raised to 5-4 mm (three times the normal Ringer content) 
in most experiments, This increases the threshold level at which twitching occurs. 
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In comparing the effects of external and intracellular application of ACh, a check had to be 
kept on the electrode resistance. Quite often, the resistance increases, or a peculiar rectification 
develops (see Castillo & Katz, 1955) during the penetration of the cell surface, and this will 
presumably be reflected in a diminished rate of diffusion from the pipette. Complications of this 
kind will be discussed at the appropriate places below. 


RESULTS 


I. Eaternal application 

A. Diffuse effect. A slow depolarization due to the steady diffusion of ACh 
from a low-resistance pipette is illustrated in Figs. 2 and 3. In Fig. 2 the 
depolarization increases gradually as the tip approaches the end-plate, to a 
maximum of about 40 mV, and declines again as the pipette is removed. As 
has already been mentioned, the time course and amplitude of the potential 
change varied a great deal, depending upon such variable factors as the 
resistance of the ACh pipette and the distribution and accessibility of the 
receptive spots on the fibre. 


Fig. 2. Effect of ACh diffusion from a ‘low-resistant’ micropipette. The trace shows the 
transient depolarization of the end-plate, during approach and withdrawal of the pipette. 
Bath contained 5-4 mm-CaCl, in this and all other experiments except when stated otherwise. 


It should be noted that the interpretation of the slow potential changes shown in Figs. 2 and 4 
is not quite as straightforward as that of the brief normal end-plate response: e.g. it is not possible 
to discriminate between a primary depolarization due to the action of ACh itself (analogous to the 
@.p.p.), and a secondary component due to a ‘local response’, as both might merge imperceptibly, 
nor was it always certain that the result had not been complicated by a small movement artifact 
due to a local contraction. 


B. ‘Braking’ current. There were three ways of reversing the slow diffusion 
effect: (i) by withdrawing the pipette from the end-plate (see Fig. 2); (ii) by 
applying a ‘braking’ current, i.e. cancelling the efflux of ACh*+ ions by making 
the interior of the pipette sufficiently electronegative; (iii) as will be shown in 
section II, by advancing the tip of the pipette into the muscle fibre. 

The effective stoppage of ACh* diffusion by an opposing electric current is 
shown in Figs. 3 and 4A. In these cases, currents of about 5x 10-® A were 
sufficient to abolish any noticeable ‘background depolarization’, no matter 
how closely the pipette approached the end-plate area. In other experiments, 
the resistance of the pipette was so high that no diffusion effect was observed 
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(in the absence of outward current). In these cases, application of negative 
voltages to the pipette produced no measurable potential change at the end- 
plate, while positeve voltage pulses gave rise to ACh-release accompanied by 
striking results. 


Fig. 3. Effect of diffusion, and of ‘braking’ and ‘releasing’ currents. A, B and C: three different 
end-plates. The tip of the ACh pipette remained close to the end-plate throughout, and the 
efflux of ACh was controlled by electric currents. At the beginning of each record, a * braking 
current’ was flowing through the pipette (inside negative) cutting off the outward diffusion 
of ACh. The upper trace in each record shows the depolarization of the end-plate (upward 
deflexion) resulting from diffusion, or momentary pulsatile release, of ACh. In the lower 
trace, the steady current through the pipette was monitored, upward deflexion indicating 
inward current. Two kinds of depolarization are seen in each record: (a) slow changes, e.g. the 
first two deflexions in A, which were due to temporary removal of the ‘brake’ allowing ACh 
to diffuse from the pipette during the interval; (b) brief ACh potentials due to a momentary 
release of ACh caused by.a short pulse of outward current (these rapid pulses are not visible 
in this figure), The pulse strength was kept constant in each record. 
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Fig. 4. Effects of ‘braking’ and ‘releasing’ currents. The upper trace in each record shows 
membrane depolarization (upwards), the lower trace current through ACh pipette (outward, 
i.e. ‘releasing’ pulses shown as downward deflexions). On the slow time base used for records 
A-E, the deflexions due to current pulses appear as dots, on either side of the lower trace. 
Calcium concentration was 5-4 mm in A-C, and 1-8 mm in D-H. Record A shows effect of 
ACh diffusion, interrupted at intervals by ‘ braking’ pulses. The final steady decline is due to 
withdrawal of the ACh pipette. In the other records examples of ACh potentials are shown, 
in response to ‘releasing’ pulses. In D and E threshold was exceeded and propagated spikes 
arose. This is shown in more detail in F—H, on a faster time base. F,: subthreshold, /,: 
superthreshold ACh potential, from same end-plate. (Outward pulse in F,: about 3 x 10-* A « 
4 msec superimposed on steady small ‘braking’ current.) @ and H: superimposed records of 
sub- and superthreshold ACh potentials from two other end-plates. A ‘zero potential’ line 
(with the recording electrode withdrawn from the fibre) is also shown in these records. 


4 


ag 
> 
< 
re 
4a 
5 2 
“g 
Be. 
i 
- 
x 
‘ 
x 
“a 4 
‘ 
4 
<q 
a 
a 
« 
A 
: 
; 
=a 
4 
md 
« 


ACETYLCHOLINE RECEPTORS | 163 


C. ‘Releasing’ current. The effect of electrophoretic release of ACh+, due to 
the application of positive voltage pulses to the pipette, is illustrated in 
Figs. 4-6. The resulting depolarization, unless it exceeds the fibre threshold, 
is graded in amplitude and time course and depends on the quantity of the 
discharge and the proximity of the receptive membrane spots. 


Fig. 5 ag | Fig. 6 


Fig. 5. ACh potentials from a single end-plate, showing the effect of varying the distance between 
‘source’ and ‘receptor’. The potentials were due to a brief outward pulse (about 0-13 nA x 
0-54 msec =7 x 10-" coulomb). Between records 1 and 4, the ACh pipette was moved 17 u 
away from the muscle surface (see also Fig. 7). 


Fig. 6. ACh potentials, and effect of position of ACh pipette, at another end-plate. Outward 
pulse, shown in lower traces, of about 4-8 x 10-"° coulomb. Pipette was displaced 44 u between 
records | and 6 (cf. Fig. 7). 


In the different experiments current pulses of 10-* to 10-’ A and durations 
varying between 0-5 and 150 msec were employed. The ACh potentials have 
the shape of a simple monophasic wave whose time scale could be varied by 
altering the distance between pipette and end-plate. Families of such records 
are shown in Figs. 5 and 6 and superimposed graphically in Fig. 7. The shortest 


rising phase observed in these experiments was 13 msec; in such a case, the 
11-2 
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position of the pipette was extremely critical, and a movement of as little as 
10 caused the potential to decline to a small fraction and the rising phase to 
lengthen severalfold. ; 


Fig. 7. Superimposed tracings from two experiments (records of Fig. 5 are shown in A, b; those 
of Fig. 6 in B, 6). Records a were obtained with varying pulse intensity and fixed distance 
of the ACh pipette; records b with fixed intensity and varying distance. The two upper 
records in A, a (one of which shows the start of a propagating spike) were obtained with a 
‘threshold dose’ of ACh (pulse size 1-8 x 10-” coulomb). Families of theoretical diffusion 

_ curves (see text) are shown in c. The calculated distances, in y, between ‘source’ and 
‘receptor’ are as follows: A, c (successively from above): 13, 15, 23, 33. B, c: 29, 31, 35, 44, 
52, 66. 


The highest ‘sensitivities’ were recorded in three experiments in which brief 
outward pulses of 5 to 7 x10- coulombs (duration 0-5-5 msec) produced 
ACh potentials of 15-20 mV, rising to a peak in 15-40 msec. A trebling of the 
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pulse strength caused the depolarization to exceed threshold and to give rise 


to single or repetitive spikes. The amount of ACh released by a pulse of, say, 


10- coulombs was presumably less than 10-5 equiv. According to Rall’s 
calculations (unpublished), the transport number of ACh+ may be taken as 
nearly constant, at about 0-3, even during these short pulses, but an additional 
quantity of ACh, possibly of the same order of magnitude, may have been 
discharged by electro-osmotic flow. It appears, therefore, that a depolarization — 
of near-threshold intensity was produced in these experiments by applying a 
quantity of ACh* as small as 10-'¢ to 10- mole, a figure which agrees well 
with that reported by Nastuk (1953). It will be of interest to compare this 
dose with the amount of ACh which has been recovered in the perfusate of 
active nerve-muscle preparations (see Discussion), 


It is also of interest to compare the continuously graded d ization’ produced by the local 
ionophoretic release of ACh, with the depolarization of the end- aeas resulting from the passage 
of a steady electrotonic current through the motor nerve endings (Castillo & Katz, 1954a). The 
latter is a discontinuous effect consisting of an accelerated discharge of ‘quantal’ miniature 
e.p.p.’8. By contrast, the ACh-potentials show no discrete unitary components. 

As was pointed out by Fatt & Katz (1952, 1953), the smallest possible ACh potential, that due 
to a uni-molecular collision, is evidently well below the detecting power of our instruments; the 
ACh potential is therefore in effect continuously graded. To explain the discrete size of the minia- 
ture e.p.p., one must assume that the release of ACh from the nerve endings occurs in large multi- 
molecular quanta (Fatt & Katz, 1952, 1953). It might perhaps be argued against this conclusion 
that different types of receptors could be involved in the two phenomena and that the ‘true’ 
neuro-receptors (which on this hypothesis would give a miniature e.p.p. per single ACh molecule) 
are somehow shielded against the applied drug, but then one would find it difficult to explain the 
fact that the same neuro-receptors are readily accessible to application of even larger ‘competitive’ 
ions, such as D-tubocurarine. 

It may be added, in this connexion, that we have confirmed the observation of Fatt & Katz 
(1952) that the frequency of the spontaneous discharge of miniature e.p.p.’s is unaffected by an 
additional, relatively slow, depolarization due to applied ACh (e.g. Fig. 8). The different time 
courses of the two phenomena indicate that the miniature e.p.p., and by the same argument the 
full e.p.p., is due to a momentary release of a quantity of ACh at a much closer range than can 
be attained artificially. 

D. ACh concentration and membrane potential change. The changes in size 
and time course of the ACh potential (Figs. 5, 6) which are observed when the 
distance between source and receptors is varied are consistent, in a general way, 
with the principles of diffusion. It would hardly be feasible to develop a 
satisfactory theory which would take into account the complicated geometry 
of the end-plate receptors as well as the effects of local hydrolysis of ACh, but 
it is of interest to see whether a simplified theory can account for some of the 
results. 

The basic assumption is that the instantaneous amplitude of the ACh 
potential is directly proportional to the ACh concentration at the receptor site 
at that moment. This can only be true within limits, because local saturation 
of close-range receptors is likely to occur at a time when more distant receptors 
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of the same end-plate still respond in a ‘linear’ fashion (see Methods). A simple, 
though admittedly rather crude way of treating the records of Figs. 5 and 6, is 
to ignore the effects of cholinesterase and any geometrical complications, and 
consider the ACh pipette as an instantaneous point source from which a 
quantity of ACh is suddenly released into a large fluid volume. The receptors 


Fig. 8. Miniature e.p.p.’s and ACh potential. The rate of spontaneous firing of miniature e.p.p.’s 
is not affected by ACh application. Upper record: effect of ACh diffusion accompanying 
approach and withdrawal of the pipette. Lower record, from another end-plate: three ACh 
pulses (monitored below) were applied during a period of low-frequency spontaneous 
discharge. 

are regarded as situated at a point at a variable distance from the source. The 

concentration at the receptor site is a function of time and distance and is 

given by the following equation (Carslaw & Jaeger, 1947, p. 218): 


[ACh] exp (—r9/4it), | (1) 


8 
where [ACh] is ACh concentration (ocACh potential), Q is quantity of ACh 
released at t=0 and r=0, r is distance between tip of pipette and idealized 
point receptor, ¢ is time, k is diffusion coefficient (approximately 8 x 10-* cm? 
sec“), 

The concentration changes predicted by eqn. (1) have the form of a simple 
monophasic wave, illustrated in Fig. 7, their time and amplitude scales varying 
with the distance between source and receptor. The peak time T is related to 
the distance r according to eqn. (2) 


6kT (2) 
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The peak concentration [ACh], ,ax.. and therefore the peak amplitude A of the. 
ACh potential, is related to the distance according to eqn. (3) 


Q exp (—1-5) 
If suitable scaling factors are chosen (amplitudes x 7°, times x r-*) all curves, 
for a constant quantity Q, can be superimposed. 

These equations were applied to some experiments, e.g. those illustrated in 
Figs. 5 and 6, The procedure was to select one out of a family of records (nos. 1 
in Fig. 5 and 3 in Fig. 6) and fit a theoretical curve to its peak time and peak 
amplitude, The distance r was calculated from the observed peak time 7 
(eqn. 2). For the remaining records, the observed peak amplitude was used to 
calculate both distance and time course. 


A more stringent procedure would have been to use the recorded displacement of the pipette 
as a parameter in reconstructing these curves. This, however, was regarded as unduly severe: it 
would give large discrepancies owing to small errors in the manipulation of the pipette and 
especially to local deformations of the tissue which may easily be caused when the tip advances 
through superficial connective tissue. 


A comparison between observed and shiecretical curves (Fig. 7) confirms 
that the general relationship between size and time course is of the kind to be 
expected from the ordinary diffusion equations. In particular, the predicted 
inverse relation between peak amplitude and peak time (combining eqns. 2 and 3, 
A xT") is approximately fulfilled. This supports the view that the deflexions 
of the membrane potential are related to the momentary ahi of the ACh con- 
centration at the receptor site. 

In other respects, however, there are notionsble discrepancies, and these 
become more obvious if the ACh potentials are examined in detail. Thus, the 
records in Fig. 7, B, 6, decay much more slowly than the corresponding 
theoretical curves. Some light is thrown on the nature of this difference by the 
records in Fig. 7, B, a, obtained at a fixed distance, but with varying doses of — 
ACh. It is clear that, in contrast with our simple theory, these records are not 
all similar in shape, but that as the dose is increased the ACh potential becomes 
progressively slower and more prolonged. The rapid initial phase and the peak 
amplitude of a brief ACh potential did not increase in proportion to the pulse 
strength and at times there were indications of a saturation level. This is further 
brought out by the experiment of Fig. 9 in which the reaction to a brief pulse 
of ACh is shown superimposed on varying steady levels of depolarization due 
to slow diffusion from the pipette. The preparation had been treated with 
prostigmine which tends to bring slow diffusion effects into prominence. 
A steady ‘braking’ voltage (pipette negative) was applied initially to the 
pipette and its strength gradually reduced, allowing ACh to leak at increasing 
rate and to build up a progressive slow depolarization of the end-plate. The 
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response to a superimposed brief voltage pulse (pipette positive) varied in a 
characteristic manner: initially the pulse was almost ineffective because the 
steady current opposed the discharge of ACh ions; as this current was reduced 
the pulse became more effective in releasing ACh+ and building up a transient 
potential change, superimposed on a slight steady depolarization. With further 
reduction. of the ‘brake’ the steady depolarization became larger, while the 
brief pulse added a progressively smaller and slower potential change. If the 
‘brake’ was now applied again, the steady depolarization diminished, but the 
‘ pulse sensitivity’ was not immediately restored and took some time to recover. 


Fig. 9. Changes in size and time course of an ‘ACh pulse’ potential when the rate of steady 
diffusion from the pipette was altered. Bath contained prostigmine 10-* w/v. Position of 
ACh pipette was fixed. A braking current flowed through it, whose intensity was gradually 
reduced giving rise to increasing steady depolarization. During each time-base sweep a brief 
outward-pulse (4-4 x 10-* A x 0-5 msec) passed through the pipette, giving rise to a transient 
ACh potential. 


The simplest explanation of this behaviour is that the ACh concentration in 
_ the immediate neighbourhood of the pipette becomes so high that it overloads 
and possibly damages nearby receptors: the early part of the ACh potential 
therefore reaches a saturation level, and the receptors which are involved may 
even become refractory to further applications. The more distant regions of the 
end-plate (which give a slow response), are subjected to a much lower concentra- 
tion; hence their contributions to the ACh potential do not reach saturation 
point and continue to increase with the pulse strength. 

K. Effect of prostigmine. The influence of cholinesterase and its various 
inhibitors on the shape of the end-plate potential is well established (e.g. Eccles, 
Katz & Kuffler, 1942; Fatt & Katz, 1951), and it was of interest to investigate 
their effect on the ACh potentials. We have only made preliminary observa- 
tions which indicate that in prostigmine-treated muscle the effects of slow 
diffusion from the pipette are much enhanced and produce a considerably 
greater steady depolarization, while the ‘pulse sensitivity’ of the receptors, 
at close range, is not very greatly increased. Some of the highest pulse sensi- 
tivities recorded above were, in fact, found in experiments in which no 
esterase inhibitor had been employed. | 
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Records obtained from a normal and prostigmine-treated end-plate are 
shown in Fig. 10, but usually there were difficulties in obtaining comparable 
results. It was noticed at times that a very sensitive spot which had been 
carefully located in ordinary Ringer’s solution, could not be found again after. 
prostigmine treatment. The reason apparently was that, in approaching it, a 
slow depolarization developed due to a previously absent diffuse action, and 
this may have overloaded and damaged the critical receptor area before a very 
close range was attained. This, together with the variability in the resistance 
of the pipette, has so far prevented us from making an accurate study of the 
anti-esterase effect. | 


Otsec_, 


Fig. 10. Effect of prostigmine (10-* w/v) on ACh potential. Record (a) was obtained before, 
record (6) after application of prostigmine, both from the same end-plate and with the 
pipette in approximately the same position. In (b), the resistance of the pipette was lower 
and a small ‘braking’ current was applied (about 2 x 10-* A) to cancel slow diffusion effects. 
Intensity of ‘releasing’ pulse was 5-5 x 10-™ coulomb in (a) and 6-6 x 10-™ coulomb in (5). 


Il. Intracellular application 


The experiments previously described have shown the effect of ACh applied 
to the external surface of the end-plate membrane. Some of the records were 
obtained with the tip of the pipette so close to the muscle surface that, by 
microscopic inspection alone, it would have been impossible to tell whether or 
not the pipette had penetrated the fibre membrane. The criterion was the 
absence of electrotonic potentials. It is always possible, and usually quite 
easy, to distinguish between electrotonic and ACh potentials. The electrotonic 
potential, i.e. the voltage drop across the fibre membrane produced by a 
traversing current, is practically simultaneous with the current pulse, and its 
shape differs from that of the applied pulse only by a rounding of its leading 
and falling edges. Inward and outward passing currents produce nearly 
symmetrical potential changes provided the intensities are well below threshold. 
The ACh potential has a variable, but always relatively slow time course with 
a definite diffusion delay, and the effects of opposite current pulses are not at 
all symmetrical. 

The distinction is, of course, more obvious when the ACh potential is 
delayed and prolonged (e.g. Fig. 6) than when it is rather fast (Fig. 5). For 
this reason, end-plates which gave fairly slow ACh potentials were preferred 
for a comparison of the intra- and extracellular effects. A further advantage 
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is that in such cases the exact location of the tip on the outside of the fibre is 
much less critical and the ACh potential therefore easy to reproduce. An even 
more important disadvantage of using critical spots of very high sensitivity 
and rapid response is that the receptors are then so close to the point of inser- 
tion that a slight membrane leakage around the tip of the pipette would spoil the 


Fig. 11. Penetration of fibre membrane by the ACh pipette. In A and B external approach and 
penetration of the end-plate surface are shown. (The depolarization during the approach 
was unusually large in these cases.) Pairs of alternating pulses were passed through the pipette 
(a brief inward, followed by a longer and weaker outward pulse), monitored in the lower 
traces and giving rise to diphasic brief electrotonic potentials as soon as the pipette enters the 
fibre. The entry is accompanied by a decline of the ACh potential. In C, obtained from another 
end-plate, the ACh pipette had been inserted before the beginning of the record and the 
changes accompanying the withdrawal of the pipette from the fibre are shown. The moment 
of withdrawal is indicated by the disappearance of the brief electrotonic potentials and the 
simultaneous commencement of a slow ACh potential. The rise of the latter is halted tem- 
porarily by stopping the current pulses. 


experiment. The effect of such local leakage will clearly be much more serious 
if the receptors are directly exposed to it than if they are some 20-30 away. 


Before penetrating the membrane, repetitive current pulses were passed 
through the ACh pipette, so that the moment of entry was shown promptly 
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by the appearance of electrotonic potentials. Pulses of either direction were 
applied, but if a large ACh potential developed during the external approach, 
inward pulses were useful in reducing or limiting the depolarization. In the 
experiments of Fig. 11 short current pulses of alternating direction were given 
and, with the slow time base, the resulting electrotonic potentials appear as 
small ‘diphasic spikes’. Outward pulses alone were used in the cases of Figs. 12 B 
and 16 and inward pulses in Fig. 12.4. 

A. Disappearance of diffusion effect. When a low resistance pipette was 
employed, a slow depolarization developed during the external approach due 
to the steady diffusion of ACh from the tip (Fig. 2). Fig. 11 (A, B) shows what 
happened when the tip of the pipette entered the muscle fibre. Electrotonic 
potentials appear which increase to a steady amplitude indicating that the tip 
_ of the pipette gradually seals itself into the membrane. At the same time the 
slow ACh potential subsides as though the pipette had been withdrawn from 
the end-plate. 

B. Pulse effects. Once the ACh pipette has become ‘sealed’ in the fibre 
surface, the effects of current pulses through the pipette can no longer be dis- 
tinguished from those obtained with an ordinary KC\l-filled micro-electrode. 
Inward and outward pulses produce anelectrotonic and catelectrotonic poten- 
tials, respectively, but the ACh potentials which were previously observed fail 
to appear. When the pipette is withdrawn from the interior of the fibre, the 
electrotonic potential vanishes and the ACh potential reappears. Transient 
phenomena are seen when the tip of the pipette is imperfectly sealed in the 
_ surface membrane, and electrotonic and ACh potentials—both of reduced 

size—appear side by side. 

It is instructive to follow these changes in some detail in a few characteristic 
examples. In the case of Fig. 12a a sensitive spot was approached from the 
bath solution, using ‘braking’ current pulses. At a, a depolarization develops 
due to diffusion from the approaching tip. At 6, an inward current pulse is 
applied and temporarily stops the outflow of ACh. The membrane potential 
recovers for a moment (cf. Fig. 4.4), but soon the efflux of ACh recommences 
and the depolarization builds up again (atc). During the interval the pipette 
evidently advances into the fibre, for the next pulse produces an anelectrotonic 
potential (at e). Within the next few seconds, the tip appears to become more 
firmly sealed in the membrane, as indicated by the increased size of the sub- 
sequent electrotonic potentials. At the same time the local depolarization 
subsides. The moment at which the tip first penetrated the fibre membrane is 
suggested by the decline of the depolarization at point d just before the 
appearance of the first electrotonic potential. 

Fig. 12B illustrates another experiment 1 in which the ACh pipette had been 
inserted into the end-plate region of a muscle fibre, and outward pulses were 
passed through the pipette — ordinary catelectrotonic — The 
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record shows the changes which accompanied the withdrawal of the pipette 
from the fibre interior. This occurred in the interval between the third and 
fourth pulse and is signalled by the disappearance of the brief catelectrotonic 
potential and the (re)appearance of the delayed ACh potential. There is 
evidence of transitional effects, especially during the fifth and sixth pulse; a 


Figs. 12, 12a, Penetration and withdrawal of ACh pipette from cell interior. A: approach and 
penetration of an end-plate, using inward (‘ braking’ and ‘anelectrotonic’) pulses. Record 
is re-drawn in Fig. 12a, for more convenient reference in the text. Lower trace shows inward 
pulses. B: at another end-plate, showing the withdrawal of the ACh pipette from the cell. 

_ Outward pulses are used, producing at first brief catelectrotonic, then—after withdrawal— 
slow ACh potentials. For further description see text. 


small fraction of the current apparently still flows through the membrane and 
produces a reduced electrotonic potential, the size of the ACh potential varying 
in a complementary fashion. One might expect this kind of result if the orifice 


of the pipette is not completely clear of the fibre and the current flow is 
divided between intra- and extracellular fluid. 
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The observations indicate that a release of ACh in the interior of the muscle 
fibre is ineffective and fails to depolarize the end-plate membrane, even though 


the ACh receptors are at very close range. This might be due to the presence of | 


diffusion barriers or of a local concentration of enzymes which remove or in- 


activate ACh, but before we consider the possible causes it will be necessary to 


examine further the validity of our result. 

It could be argued that the release of ACh from the pipette is hindered when 
it enters the myoplasm. There was, indeed, good evidence that the rate of 
diffusion from the tip of the pipette tends to decline when it penetrates the 
membrane, for the electric resistance of the pipette often increases during the 
insertion. Such an increase of the tip resistance has been observed with KCl 
as well as ACh-filled micropipettes. In the cases of Fig. 11.4, B, for instance, 
the outward pulses passing through the ACh pipette declined appreciably when 
it entered the fibre, and one might therefore expect some diminution of the 
ACh potential merely because the rate of efflux was reduced. But such changes 
of the tip resistance are variable and do not always occur; in the case of Fig. 11C, 
for instance, there was no appreciable change in the monitored current strength, 
and yet the effect of penetration was the same as before: the ACh potential 
vanished when the tip of the pipette entered the fibre and reappeared when it 
returned to the outer surface. The same applies to the example of Fig. 12B in 
which the effect of outward current pulses is shown. Even if one were to dis- 
card all those experiments in which the tip resistance increased during pene- 
tration of the cell membrane, the conclusions would remain unaltered. 

Another possible argument is that the tip of the pipette may be thrust fairly 
deeply into the fibre and that the actual distance from the receptors is then 
considerably greater than during the optimal external application. Such an 
explanation, however, cannot be accepted because the ACh effect vanishes 
during the penetration even if it was slow and diffuse, and obtainable with 
variations of the external position which exceeded the fibre diameter. More- 
over, the reduced ACh potential which was observed during a transitional 
stage (with the pipette ‘half-inside’) had the same, or a somewhat more rapid, 
time course than the fastest response obtained by external application: this 
provided evidence that the reduced amount of ACh which reached the receptor 
had, if anything, a shorter diffusion path during the process of penetration than 
previously, in the external solution. 

It seems, therefore, justified to conclude that a given quantity of ACh 
released in the vicinity of the end-plate receptors is effective only if the release 
takes place outside the cell. 

C. Transition effects. In some experiments the ACh potential was reduced 
but not abolished when the pipette pierced the membrane, and electrotonic 
potentials could then be seen side by side with it. We do not regard this finding 
as contrary to our previous conclusion, because it might be explained simply 
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by an imperfect insertion leaving a leakage at the tip of the pipette. As already 
mentioned, simultaneous electrotonic and ACh potentials were observed at 
times as a transient phenomenon, while the pipette was being pushed into, or 
taken out of, the fibre (e.g. Fig. 13). It seems very likely that this arose from 
an incomplete insertion of the pipette allowing a fraction of the current to by- 
pass the fibre membrane. To put this to a test, three quantities were deter- 
mined: the applied current, the electrotonic potential and the ACh potential. 
If our explanation is valid, then for a given current strength an increase in the 
ACh potential should be accompanied by a decrease in the electrotonic potential 


Fig. 13. Transient effects during partial withdrawal of the ACh pipette. At the beginning and end 


of this record the pipette was ‘fully inserted’. In the middle part, a very slight outward and 
return movement was executed with the manipulator. During the outward phase, ACh 
potentials appeared side by side with electrotonic potentials. Pairs of diphasic current pulses 
were applied to the ACh pipette (a brief inward, followed by a longer outward pulse), but 
only the outward pulse (downward deflexion of lower trace, amplitude about 7 x 10-* A) is 
visible. 
the text and shown in Fig. 14. 


and vice versa. The records of two experiments were analysed in this way, the 
one illustrated in Fig. 13 being of special interest because it was not at all 
obvious until the records had been measured, whether the results would favour 
our explanation. 


In this experiment, pairs of alternating current pulses were used, a brief inward pulse (about 
0-4 »A and 5 msec duration, too short to be visible in Fig. 13) followed by a longer outward pulse 
(about 0-075 nA and 50 msec duration), They produced corresponding pairs of alternating electro- 
tonic potentials, and a slower and delayed ACh potential due to the outward pulse alone. The 
procedure was to measure six observed quantities, for each pair of pulses: inward current and 
corresponding ‘anelectrotonic’ potential, outward current and ‘catelectrotonic’ potential, phasic 
amplitude of ACh potential and total depolarization (including residual ACh effect). No allowance 
was made for any overlap between the peak of the catelectrotonic and the initial part of the ACh 
potentials. (The effect of a correction, though small, would have been to make the results more 
favourable to our interpretation.) The hypothesis to be tested is that only that fraction of the 
current which by-passes the fibre membrane and therefore fails to contribute to the electrotonic 
p.d., is capable of producing an ACh potential. The ‘effective fraction’ may vary between zero and 
unity, in the former case the pipette is fully inserted, and the electrotonic p.d. is at a maximum, 
in the latter case the pipette is wholly external, and no electrotonic p.d. is observed. In order to 
make successive measurements comparable, account must be taken of slight variations in the 
resistance of the pipette and, therefore, the values of all electrotonic and ACh potentials were 
divided by the corresponding current strength. 
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In the middle section of Fig. 14, the ‘effective fraction’ of the current, which we suppose to give 
rise to an ACh potential, was calculated from the observed deficit of the electrotonic potential, 
taking unity minus (observed value/maximum value). The graph illustrates that during the tran- 
sient outward movement, the applied current pulse loses some 30-40% of its power of producing 
electrotonic potentials and regains it during the inward movement. This change is accompanied 


Fig. 14. Analysis of transient phenomena in the experiment illustrated in Fig. 13. Abscissae show 
ordinal number of pulses, repeated at 0-86 sec intervals. a: phasic amplitudes of ACh poten- 
tials. Circles: corrected for base-line displacement (see text) ; crosses: without this correction. 
b and ¢: fraction of ‘external’ current (for explanation see text). Circles: based on measure- 
ments of outward pulses and corresponding catelectrotonic potentials. Crosses: based on 
inward pulses and anelectrotonic potentials. c: corrected for base-line displacement; b: with- 
out this correction. Note: Before the start of the series, the ACh pipette had been ‘fully 
inserted’; at A the pipette was moved towards the outside, at B the pipette was returned 
towards the interior and left there until C when it was moved finally outward and fully 
withdrawn. 
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by a transient rise and fall of the ACh potential (upper section of Fig. 14) which thus confirms the 
initial hypothesis. 

For a more accurate analysis, account should be taken of the fact that the deflexions did not all 
start from the same base-line. In several records, there was an appreciable residual depolarization 
left by preceding pulses. This introduces a complication because the residual ACh action is 
associated with a lowering of the membrane resistance and presumably decreases the effect of a 
subsequent current pulse. Intervention of a ‘local response’ would work in the opposite direction 
and reinforce the potential change, but this factor will be ignored. In order to make the deflexions 
more strictly comparable, they should be reduced to a common base-line, viz. the initial resting 


potential. For this purpose, we have made use of previous work which indicates that the effect of — 
ACh is to short-circuit the fibre membrane in the way represented by Fig. 15 (see Fatt & Katz, — 


1951; Castillo & Katz, 19545). On this basis, the appropriate reduction factors can be calculated: 
a residual depolarization AV would diminish the value of the observed electrotonic potential by 


i Outside 


(90 mV) T mv) 


Inside 
Fig. 15. Diagram representing end-plate membrane and effect of ACh application (in two doses). 
E,: resting potential (about 90 mV). R: resistance across resting fibre membrane (about 
2 x 10° Q or more). £4: ‘equilibrium level’ towards which membrane potential is displaced 
by ACh (about 10-20 mV). The effect of ACh application is to create leakage paths across 
the end-plate membrane: this is represented by the closure of keys and the shunt resistances 


R, and R,. The influence of a residual ACh effect on additional potential changes may be 
estimated from this diagram. 


a factor (1-AV/ Y), where V is the difference between HZ, and E4,,, (see Fig. 15). Similarly, | the 
ACh potential v observed at a depolarized level would be smaller than that produced by the same 
dose of ACh, at the normal level of the resting potential, the factor being (1-AV/V)?+vAV/V?. 
These factors were used in computing the values in the top and bottom sections of Fig. 14. The 
_ correlation between the ACh potential and the ‘effective fraction’ of the current is very good in 

either case: for 15 pairs of observations the correlation coefficient between a and b is 0-892, 
between a and ¢ 0-94, which gives strong support to the hypothesis. 


The result of the analysis makes it almost certain that in the experiment of 
Fig. 13 an ACh potential was produced only when a measurable fraction of the 
current by-passed the interior of the fibre and thereby caused ACht ions to be 
released on the outside of the cell membrane. A similar series of records was 
analysed in another experiment with the same result: whenever the ACh 
potential appeared, during a partial retraction of the pipette, this was accom- 
panied by a reduction in the electrotonic effect of the current. These transient 
changes furnish strong additional evidence for the view that a release of ACh 
is effective only when it occurs on the outer surface of the end-plate. 
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D. Simultaneous intra- and extracellular application. It seemed possible that 
a release of ACh inside the muscle fibre, while failing to depolarize the end-plate, 
might modify the properties of the receptors; it might, for instance, make them 
less responsive to a simultaneous or subsequent external application. To test 
this, two ACh pipettes were used; one was inserted into the end-plate region 
of the fibre, the other was placed on the outer surface of the same end-plate. 


_ Fig. 16. Combination of external and intracellular release of ACh. Two ACh pipettes were used, 


one internal, the other outside the cell (see Fig. 1C’). A: slow time base. First 3 pulses were 
applied to internal pipette, the next 3 pulses to the external pipette, finally 3 combined 
applications it ie — pipettes. B: on faster time base, showing first an intracellular, 
then twoext li Theinternal pipette produces only a catelectrotonic, theexternal 


pipette an ACh potential. Outward current pulses are monitored in the lower traces. 


The results of such an experiment are shown in Fig. 16. A current pulse passing 
through the intracellular ACh pipette produced a pure electrotonic potential ; 
an outward pulse through the external pipette set up a delayed ACh potential. 
When both pulses were applied together the potentials summed, apparently 
without mutual interference. 

In the same experiment, inward pulses were passed through the internal pipette and the 
amplitudes of the anelectrotonic potentials were measured at the normal level as well as during 


the depolarization produced by the external ACh pipette. A depolarization of 30 mV was 
12 PHYSIO. OXXVIII 
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accompanied by a 27% reduction of the electrotonic p.d. On the ‘short-circuit’ theory (Fig. 15) 
a drop of nearly 40% would have been expected, but disregard of certain opposing factors (e.g. of 
a ‘local response’ of the depolarized fibre membrane) may account for the difference. 


DISCUSSION 


_ The experiments have shown that very small quantities of ACh can produce 
a powerful depolarization of the muscle fibre if they are applied externally to 
the surface of the end-plate, but the same doses applied intracellularly have no 
effect. 

It has sometimes been put forward as an argument against the chemical 
transmission theory that there is a large discrepancy between the amount of 
ACh recovered from the perfusate of active preparations and that required to 
stimulate by external application. As has been pointed out by Fatt (1954), the 
argument seems to have arisen from a neglect of quantitative factors, namely 
the dilution of the applied substance and the concentration attained at the 
receptor site; the total amount injected into the system at a remote point is, 
by itself, irrelevant. The present experiments show that, with more strictly 
localized application of ACh, the discrepancy can be greatly reduced. There is, 
in fact, nothing incongruous between the quantities which we applied from a 
distance of, say, 10-20, and the still much smaller, but probably no less 
effective, amounts which are known to be released from the nerve endings (at 
a distance of a micron or less from the receptors). The diffusion equations (1-3) 
indicate that, to build up a given peak concentration at the receptor site, the 
required amount may increase with as much as the third power of the distance. 
In some of our experiments, and in those reported by Nastuk (1953, 1954), 
a quantity of the order of 10- to 10-%* mole was enough to set up a muscle 
impulse; this is several hundred times greater than the amount which has been 
recovered, per impulse per end-plate, during perfusion experiments (cf. 
Acheson, 1948), a difference which is entirely within the range to be expected 
and in no way incompatible with a transmitter function of ACh. The same 
conclusion can be derived by considering the time courses of the ACh potential 
and of the normal e.p.p. Our fastest ACh potential rose to a maximum in 


13 msec, while the e.p.p. and its quantal components reach their peak in 1 msec. | 


Moreover, the brief rising phase of the e.p.p. cannot be wholly due to diffusion 
because other delaying factors become important at such short times (capacity 
of fibre membrane, time required for ACh release). The difference in time 
course between ACh potential and e.p.p. suggests that the distance between 
source and receptor is of a different order of magnitude in the two cases; which 
explains why there must be an even greater discrepancy between equally 
effective amounts of ACh applied and released. 

The inefficacy of intracellular application of ACh seemed, at first, surprising. 
On farther reflexion, however, it appears to fall quite naturally into line with 
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all the other evidence which indicates that specific ACh receptors are attached 
to the outside of the muscle fibre at the points where it is contacted by the 
motor nerve. Suppose the bulk phase of the fibre membrane is no more per- 
meable to ACh* than to other cations of similar size, then the inefficacy of 
ACh* ions released on the inner surface of the membrane is easy to understand. 
Even though a fairly large quantity of ACh may be discharged from the pipette 
into the fibre, the rate and density of the ACh efflux through the membrane is 
so low that no effective concentration can be built up at the receptor site on its 
outer surface. This situation apparently remains unaltered even when the 
permeability of the end-plate membrane has been raised by an external dose 
of ACh (see the results in Fig. 16). 

While this appears to be the most reasonable explanation of the reported 
findings, certain alternative possibilities must be considered. Ineffectiveness 
of intracellular application could be due to a barrier other than in the surface 
membrane, for example, if the activity and mobility of ACh ions in the 
myoplasm were greatly reduced, or if by local enzyme action ACh became 
inactivated or hydrolysed before it could reach the cell membrane. There is, 
however, little evidence to support these suggestions. In view of what is known 
about the electric conductivity of the myoplasm (Bozler & Cole, 1935; Katz, 
1948), it is difficult to believe that the ionic mobility of ACh inside the fibre 
could be reduced sufficiently to account for the observed loss of its action. 

Experiments were made to test the suggestion that a high intracellular 
activity of cholinesterase may be responsible for the inefficacy of internally 
applied ACh. The inefficacy was still observed in muscles which had been 
soaked in solutions containing prostigmine (10-*, w/v) or eserine sulphate 
(10-5, w/v), but this was, of course, quite indecisive for there was no evidence 
that an adequate concentration of the inhibitor had been built up inside the 
fibre. We then used pipettes filled with carbachol (carbaminoyl-choline chloride) 
instead of ACh. Carbachol is a relatively stable substance which is apparently 
not split by the cholinesterases of the tissue and body fluids (Kreitmair, 1932; 
Noll, 1932). Carbachol has been found, however, to combine with the esterase 
and to act as a weak enzyme inhibitor (Goldstein, 1951), apart from its ACh- 
like action. The results with carbachol-filled pipettes were substantially the 
same as with ACh, and the inefficacy of internal as compared with external, 
application was confirmed. This was still observed in an experiment in which 


the pipette had been filled with a solution containing carbachol as well as 


prostigmine (1-5 m-equiv of each per ml.). The reason for adding a powerful 
enzyme inhibitor was to minimize any inactivation of carbachol which might 
result from its relatively weak affinity for the esterase. One cannot regard these 
negative results as entirely conclusive, but they have so far failed to support 
the suggestion that there may be an enzymic, rather than diffusion, barrier 


which prevents the access of internally applied ACh to the receptors. : 
12- 
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The results presented here are clearly in agreement with the theory that ACh 
is the transmitter from nerve to muscle, that it is released in effective quantities 
from the motor nerve endings and acts, by short-range diffusion, on external 
receptors in the surface of the muscle fibre. 


SUMMARY | 


1. Micropipettes of less than 0-5 tip diameter are used for electrophoretic 
application of acetylcholine (ACh*+) ions to superficially located end-plates in 
frog muscle. 

2. Momentary application, at close range, of less than 10-% mole of ACh 
can produce a large transient depolarization and set up a muscle impulse. 

3. Analogies and differences between this potential change and the normal 
end-plate potential (i.e. the local reaction to a nerve impulse) are discussed. 
The properties of the end-plate potential are consistent with the view that it is 
produced by a still much smaller quantity of ACh released from a much nearer 
source. 

4. ACh-filled pipettes are introduced into the interior of the muscle fibres 
at the myoneural junction, and the effect of an intracellular application of ACh 
is studied. Amounts of ACh which are effective when applied to the eaternal 


surface of the end-plate, fail to depolarize the end-plate when released in the 


interior of the muscle fibre. The inefficacy of intracellular application was also 
observed with a stable ACh-like substance (carbaminoyl-choline chloride). 

5. The most probable explanation of these results is that specific ACh 
receptors are attached to the outer surface of the end-plate membrane, i.e. the 
surface which is in contact with the motor nerve endings, while the bulk phase 
of the membrane is insensitive and effectively impermeable to ACh. 
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RESPONSES IN THE BRAINSTEM OF THE CAT TO STRETCH 
| OF EXTRINSIC OCULAR MUSCLES 


By MARIANNE FILLENZ 
_ From the Laboratory of Physiology, University of Oxford 
| (Received 4 November 1954) 


Although cats’ extraocular muscles lack muscle spindles they possess many 
sensory endings, some of which can be activated by passive stretch. Dis- 
_ charges from these proprioceptors were recently recorded in fibres of the third 
nerve in the orbit (Cooper & Fillenz, 1952, 1955). The present paper deals with 
the investigation of the further course of these afferent impulses. Recordings 
from the cell bodies of the afferent neurones are described, and an attempt is 
made to trace these responses to second-order neurones and to discover the 
change in pattern which occurs at the first synapse. 


METHODS 


Two kinds of preparations were used: cats under general anaesthesia, and decerebrate cats. 

Operation. In twenty-two cats the general anaesthetic was 60-80 mg of chloralose given intra- 
venously, after induction with ethyl chloride and ether. These were preliminary experiments of 
which only a few photographic records are available. In twenty-nine cats the general anaesthetic 
was intraperitoneal barbitone. The dose was 0-45 ml./kg body weight of Abbott’s Veterinary 
Nembutal (60 mg pentobarbitone sodium per ml.). This initial dose had to be supplemented by 
further small doses given intravenously or subcutaneously throughout the day. 

The ocular muscles were isolated, after opening the orbit and removing the eyeball, and separate 
ligatures were attached to the tendons of each of the six extraocular muscles. The ligatures were 
then passed to separate devices for applying passive stretch individually to the ocular muscles. 
Too clean a dissection of the muscles had to be avoided since the stretch receptors are dependent 
on a good blood supply for their continued functioning. | 

Since jaw muscles are in close relation anatomically with eye muscles, and may affect them 
mechanically, it was necessary to observe the effect of stretching those muscles which close the 
jaw. To do this a string was passed through the floor of the mouth and tied around the lower jaw 
at the symphysis. It was attached to a puller somewhat heavier, but generally similar to the 
pullers attached to the eye muscles. 

_ The decerebrate preparations numbered 18. Ethyl chloride and ether by inhalation were used 
as preliminary anaesthetics while the above operation on the orbit was performed and during 
decerebration. The levels of decerebration ranged from the mid-thalamic to the intercollicular 
plane. Eleven of the cats needed no further anaesthetic, but in seven cats, two to three further 
doses of 0-3 ml. pentobarbitone intramuscularly were required on account of the forward level of 
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decerebration and the consequent restlessness of the preparation. The bony tentorium was re- 
moved after decerebration. 

Apparatus. The stereotaxic machine used was a modification of the Souttar-Beattie stereotaxic 
machine and was constructed in this laboratory. 

Stretch applied to muscles was signalled through a system for converting changes in capacity 
into voltage fluctuations (Dickinson, 1950). The eye-muscle puller consisted of an L-shaped lever 
with its fulorum at the right angle of the L. The string from the tendon of the eye muscle was 
attached to the short limb of the L. The long limb of the L was moved by hand until it struck a 
stop; the maximum stretch could thus be fixed. Another puller was used for the jaw muscles, 
working on the same principle, but having a larger, stouter lever. 

The microelectrode was a steel needle insulated along the shaft and with a bare tip ground down 
to a diameter of 10-204. The conventional R-C coupled amplifier and cathode-ray tube were 
used. 

Histological methods, Needle electrode positions were always checked by serial sectioning of the 


_ fixed brain embedded in nitrocellulose (Chesterman & Leach, 1949). The sections were stained by 


Weil’s modification of Weigert’s iron haematoxylin with a final differentiation in 0-25% oxalic 
acid + 0-25% sodium hyposulphite. The sections were 100, thick. The sections showing needle 
tracks were enlarged and photographed, and the sites of responses were localized after allowing 
for shrinkage. For further details see Cooper, Daniel & Whitteridge (19532). 


RESULTS 


Responses to passive stretch applied to the extrinsic ocular muscles of the cat 
were detected in the medulla oblongata, pons and midbrain. In some cases 
a certain pattern of response could always be associated with a certain 
anatomical structure; in other cases such a correlation was not possible and 
the responses had to be grouped according to their site or pattern. 

The responses in anaesthetized and decerebrate preparations showed certain 
differences and they will therefore be described under separate headings. 


Cats under Nembutal anaesthesia 


Early sustained responses. Stretch applied to an eye muscle might cause the 
initiation of a discharge from a silent base-line or the acceleration of an already 
discharging unit. If the discharge resembled in pattern the responses obtained 
in a fibre of the third nerve in the orbit as a result of stretching an extraocular 
muscle (Cooper & Fillenz, 1955) and if the latency conformed to certain require- 
ments, then the discharge was attributed to activity in part of a primary 
afferent neurone in the brainstem. Such discharges are shown in Fig. 1a, 6. 

Since the cat’s extraocular muscles are somewhat small and fragile their 
resting tension was kept low. This would account for the frequent absence of 
a resting discharge and variations in the latent period. The latter was con- 
sidered to be short when the discharge or increased rate of discharge began 


early in the rising phase of the stretch. Further, in these early sustained 


responses, the maximum rate of discharge was always reached during this 
rising phase. As the stretch was applied rather gently by hand, the rising 
phase might last from 20 to 120 msec. The latent period varied between 11 and 
40 msec. The maximum rate of discharge recorded was between 100 and 
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280 impulses/sec. During the sustained pull, the unit either discharged at a 
steady rate rather below the maximum rate or there were slight irregularities 
giving a ‘saw-tooth’ type of frequency curve (Fig. 2). On releasing the stretch, 
there was a reduction of the frequency below the resting rate of discharge, 
which was gradually resumed if the unit had previously been discharging 
spontaneously. It was a feature of this type of response that it could be 
repeated many times and, if the unit was discharging spontaneously, it might 
continue to do so for an hour or more. ) 


j 


Fig. 1. Responses to stretching eye muscles recorded from the mesencephalic nucleus of the fifth 
nerve, a: stretch applied to inferior oblique muscle. The unit, which is a cell in the mesen- 
cephalic nucleus of the fifth nerve, has no resting discharge even when the muscle is under 
fairly high resting tension. Latency of onset of response varies with rate of application of the 
stretch ; in this instance 33 msec. Time occupied by rising phase of pull, 60 msec. 5: unit with 
a resting discharge. Stretch applied to medial rectus muscle accelerates resting discharge. 
At cessation of stretch, frequency of discharge falls below resting level. Stretching inferior 
rectus muscle caused inhibition of resting discharge (not shown). Latency 22 msec; duration 
of rising phase of pull, 65 msec. Above: time, 50 c/s. Below: stretch signal. 


In the anaesthetized cats the exploration of the brainstem was confined to 
regions rostral to the bony tentorium. Responses to stretching the extraocular 
muscles could usually be picked up when the needle tip was in the lateral edges 
of the central grey matter or when it was at the base of the inferior colliculus 
near the fourth nerve. The sites were all found to lie on the midbrain course of 
the mesencephalic nucleus of the fifth nerve (Fig. 7, filled circles). The responses 
were from large single units suggesting that they represented soma spikes of 
the cells of this nucleus. Subsequent histological examination frequently 
showed that during an early sustained response the needle tip had lain in the 
vicinity of one or more of the large globoid cells which make up the nucleus. 
An example of this is shown in Pl.1. The responses were found on the same 
side as the muscle to which the stretch was applied but the study was not 
sufficiently exhaustive to exclude contralateral responses. 

At a large number of electrode positions within the distribution of the 
mesencephalic nucleus of the fifth nerve, early sustained responses could also 
be obtained by stretching the jaw muscles. In some cases the units activated 
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in the two responses looked very similar; in other cases stretching the jaw 
muscles and stretching the extraocular muscles activated two clearly distinct 
units. The latencies of the jaw muscle responses to stretching were often very 
brief, a fact at least partly explained by the lower sensitivity of the jaw-muscle 


0 05 10 15 0 02 04 


08 10 
Time (sec) Time (sec) 3 
Fig. 2. Curves showing frequency of discharge during various phases of the applied stretch. Time 
course of stretch indicated by black line at the bottom of each graph. The frequency is 
measured by taking the reciprocal of the interval between two successive impulses. In graph 
b, the unit gives a double discharge at about 0-05 and 0-6 sec. 


Fig. 3. a: acceleration of unit in response to stretching superior oblique muscle. Latency of 
response is 20 msec. b: acceleration of a different unit in response to opening jaw and so 
stretching jaw muscles. Acceleration of unit begins slightly earlier than signal indicating 
stretch, because stretch signalling system is not as sensitive as sensory discharge. Time, 
0-1 sec. Signal for stretching eye muscles, upwards; for opening jaw, downwards. 


puller and the vigorous treatment that could be applied to the jaw muscles in 
contrast with that applied to the eye muscles. Fig. 3 shows two different units, 
one responding to stretch of an eye muscle, the other to stretch of the jaw 
muscle, | 

It was thus necessary to try to distinguish between the two sets of responses 
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and to be certain that the responses to stretching the eye muscles were not due 
to an indirect stimulation of the jaw muscles. In some positions of the needle 
tip it was possible to get a sustained response to pulling on a single eye muscle, 
the unit being quite unaffected by stretching the other eye muscles or the jaw 
muscles. Such a response, to pulling on the inferior oblique muscle, is shown 
in Pl. lc. This muscle, in the absence of the eyeball, can have very little 
influence on the jaw muscles. During this response the needle tip lay near 
cells of the mesencephalic nucleus of the fifth nerve, shown in PI. 15, situated 
near the region of the fourth nerve. 

Occasionally when the site of the receptor giving the discharge was doubtful, 
it could be identified by mechanical means. Pressing on a specific area in an 
eye muscle or in the pterygoids at the back of the orbit caused an alteration in 
the discharge of the same unit that had responded earlier to stretch. 

Sometimes when an early sustained response to stretching an eye muscle was 
obtained, the resting discharge of the unit could be stopped by pulling on the 
antagonist of the muscle. An illustration of such a case is given in Fig. 4; the 
unit shows a resting discharge and stretching the lateral rectus muscle caused 
a short-latency, sustained acceleration of the discharge (Fig. 4a). On releasing 
the stretch, there is a very prolonged depression of the resting discharge. 
Stretching the medial rectus muscle (Fig. 46), on the other hand, causes a 
complete suppression of the resting discharge throughout the application of the 
stretch. On release of the stretch, there is a return of the firing which starts at 
a high frequency and only very gradually returns to the low resting level. 
When the lateral rectus and the medial rectus are stretched simultaneously 
(Fig. 4c), the response resembles that of stretching the lateral rectus alone, 
i.e. the ‘inhibitory’ effect of the medial rectus does not become evident. 

The ‘brief-burst’ response. In cats under Nembutal anaesthesia there was 
another group of responses of different character and possibly different 
provenance, which could be recorded from the midbrain in response to stretch 
of an eye muscle, and which showed a well-defined pattern. These are described 
as ‘brief-burst’ responses and examples are given in Fig. 5. Fig. 7 shows that 
these responses were also found at the edge of the central grey matter, although 
they were less frequent than the early sustained responses. Some ‘brief-burst’ 
responses were found in the deeper layers of the superior colliculus near the 
posterior commissure. 

The response was characterized by a brief burst consisting of two to six 
discharges with a latency of 20-120 msec. The latency was usually longer than 
the rising phase of the pull; the frequency of discharge reached up to 200- 
300 impulses/sec. Both frequency and number of discharges seemed to be 
independent of the applied stretch. In successive stretches, with the electrodes 
in the same position, the response sometimes failed to occur, but when it was 
present it always showed much the same pattern. 
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Fig. 4. Unit with a resting discharge which is accelerated in response to stretching one eye muscle 
and stopped by its mechanical antagonist. Mean frequency of resting discharge is 0-27 
impulse/sec. a: stretching lateral rectus muscle produces an increase in the frequency of the 
discharge which during the maintained stretch is 59 impulses/sec. 5: stretching medial rectus 
completely suppresses the resting discharge. On release of the stretch the frequency does not 
return to the previous low level but remains at about 50 impulses/sec. c: the signal for stretch 
indicates the simultaneous stretching of lateral rectus and medial rectus muscles. The 
acceleration is much the same as in a. On release of the stretch there is a pause and then a 
return to the initial low frequency resting discharge. ne ¢, run on continuously. 
Time: 50 ¢/s. Calibration: 0-1 mV. 


Fig. 5. ‘Brief-burst” responses in cats under Nembutal anaesthesia. (i) Response to stretching 
medial rectus muscle. Latency of response 27 msec. (ii) Same unit as in (i) giving brief-burst 
response to stretching superior oblique muscle. Latency 25 msec. Time, 50 ¢/s. Bottom line: 
signal for muscle stretch. Voltage calibration, 0-5 mV. 
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The effective stimulus was a sharp tap applied to the lever carrying the 
string from the tendon of the muscle. Sometimes a number of extraocular 
muscles, if tapped, would produce a response in the unit under observation. 
The responses illustrated in Fig. 5 were recorded from the cephalic end of the 
deep layer of the superior colliculus. They were most readily obtained when a 
sharp pull was applied to the medial rectus or to the superior oblique muscle. 
The frequency of discharge is 350 impulses/sec, and the spike shows rapid 
_ diminution in size with successive impulses. This unit was quite unaffected by 
stretching or tapping the jaw muscles. | 

Other responses. A study of Fig. 7a-c shows that a number of responses 
(sites indicated by open circles) to stretching an eye muscle were heard but 
could not be classified. Many of these sites lay near the early sustained response 
sites; the unclassified responses may have been caused by first-order neurones 
firing at a distance, or they may have come from second and higher order 
neurones that were stimulated occasionally if the anaesthesia was light. Quite 
a number of the sites are seen to lie in the brachium conjunctivum and are thus 
interesting as suggesting a fairly direct link between the eye muscle proprio- 
ceptors and the cerebellum. 

Numerous spontaneous units were heard as the needle tip explored the 
brainstem; some of these could be related to different anatomical structures 
such as the motor nuclei or the red nucleus, but they were quite unaffected by 
stretch of the eye muscles. 


Decerebrate cats 


‘The main region explored in these cats was rather different from that in the 
anaesthetized preparations. The level of decerebration varied between mid- — 
thalamic and intercollicular. In a considerable number of cats the rostral end 
of the midbrain inevitably suffered from the neighbouring transection and 
decerebrate cats therefore gave less extensive results on exploring the mid- 
brain than anaesthetized preparations. On the other hand, the bony tentorium 
was always removed and the exploration extended caudally to the rostral level 
of the hypoglossal nucleus. Most of the cats with a more caudal decerebration 
had no anaesthetic during the experiment. 

Two experiments provided some evidence on the problem of the pathway 
of the nerves from the stretch receptors in the extraocular muscles. In these 
two cats, the level of decerebration was intercollicular and histological examina- 
tion showed that the nucleus of the third nerve and its emerging fibres had 
been removed. Both these preparations, however, gave responses to stretching 
the muscles supplied by the third nerve as well as the superior oblique and the 
lateral rectus. Some of the afferent discharges from the first group of muscles 
must, it is assumed, enter the brainstem through a pathway other than the 
third nerve. 
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The decerebrate preparations were characterized by the much greater level 
of background activity and the very much greater number and variety of 


responses to stretching eye muscles than were found in cats under barbiturate 


anaesthesia. 

Early sustained responses, Since the region of the midbrain which contains 
the rostral part of the mesencephalic nucleus of the fifth nerve was often 
damaged in the decerebrate cats, this part of the nucleus could not be so 
thoroughly explored. But in those brainstems which had not suffered in this 
way a@ number of early sustained responses were recorded. The more caudal 
parts of the nucleus and tract were, however, easily accessible and early sus- 
tained responses to stretching the eye muscles and the jaw muscles were picked 
up frequently. Fig. 8c~f shows the sites of these responses from the rostral end 
of the central grey matter to fibres of the tract as it passes dorso-caudal to the 
motor nucleus of the fifth nerve. The more caudal responses were always 
multi-unit and the units were much smaller than those in the midbrain re- 
sponses, suggesting that they probably represented the activity of fibre 
bundles. 

The early sustained responses obtained from stretching the eye muscles and 
the jaw muscles were found in adjacent sites in the greater part of the mesen- 
cephalic nucleus of the fifth nerve. This does not seem to be the case in the 
caudal fibres of the tract, where early sustained jaw- and eye-muscle responses 
were recorded from consecutive layers of fibre bundles. This may point to the 
proprioceptive fibres of the eye and jaw muscles entering the brainstem in 
separate bundles. 

Late sustained responses. A common type of response to stretch of the 
extraocular muscles recorded in the decerebrate cats was a sustained discharge 
starting from a low frequency resting discharge or from a silent base-line. In 
the former case (Fig. 6a, 6) the frequency during the response was usually 
fairly regular; in the latter case (Fig. 6c-e) there was often a high-frequency 
burst at the beginning of the response, followed by a pause and then by an 
irregular low-frequency discharge. Rates of 200 impulses/sec or more were 
often seen in the first burst. The sustained discharge often resembled the early 
sustained responses in the primary afferent neurone, but there were two 
features which served to distinguish them: one was the fact that the latency 
was always longer than the duration of the rising phase of the pull; the other 
was the absence of the pause at the end of the stretch. The frequency of dis- 
charge was always highest at the onset of the response. The relation between 
the end of the stretch and the end of the response varied: sometimes the two 
were coincident but sometimes the response continued beyond the cessation 
of the stretch as seen in Fig. 6a. The response could usually be obtained by 
stretching each eye muscle in turn; occasionally, with repeated stretches of 
any one muscle, the frequency and duration of the response fell off rapidly. 
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Rather similar responses could be obtained in various parts of the brainstem 
to a stretch of the jaw muscles but only rarely were they found at identical 
sites with the late responses from stretching the eye muscles. 

The sites of these late sustained responses are indicated by the symbol © in 

Fig. 8. A rather striking group of them lies in the deeper layers of the superior 


colliculus near the posterior commissure; if these sites in Fig. 86 are compared — 


with the corresponding region in Fig. 74, it is seen that they must lie very close 
to the sites of early sustained responses. It is also known from other unpub- 
lished work on this region that many pathways concerned with visual responses 
lie near here. 


Fig. 6. Responses from reticular formation of brainstem in decerebrate cats. a: unit with resting 
discharge in reticular formation of pons. Stretching inferior oblique muscle produces accelera- 
tion of resting discharge which outlasts duration of stretch. Response also produced by 
stretching superior oblique muscle. 6: unit with resting discharge in reticular formation of 
the midbrain. Stretching inferior rectus muscle accelerates resting discharge and also brings 

in a second unit, c: silent base-line. Stretching medial rectus muscle causes the discharge 
of a unit in the reticular formation of the pons. Response consists of a brief burst of dis- 
charges followed by a slow irregular discharge. d: response similar to above. Note diminu- 
tion of second response. e: response from unit in the reticular formation of the pons near 


sixth nucleus to stretching inferior oblique muscle, Time mark in each record, 0-1 sec. 
Voltage calibration, 50 nV. 


Another group of sites is indicated in Fig. 8b near the lateral edge of the 
nucleus of the third nerve, and near or among fibres of the medial longitudinal 
fasciculus, the tegmental and the tecto-tegmental tracts coming down by the 
lateral edge of the central grey matter. These are all significant pathways in 
relation to the nuclei of the eye muscle rierves. | 

The next group of sites lies between the nucleus of the sixth nerve and the 
mesencephalic root of the fifth nerve as it passes the motor nucleus of this 
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nerve. This group is shown in Fig. 8c-e; again it lies close to sites of early 
sustained responses to stretching the eye muscles and near pathways connected 
with the nucleus of the sixth nerve. 

The most caudal group of sites investigated are indicated in Fig. 8a-d; the 
sites lie just rostral to the nucleus of the twelfth nerve and dorsal to the inferior 
olive. The more dorsal sites lie near the medial longitudinal fasciculus and 
other longitudinal tracts which are probably on their way to and from the 
spinal cord, The more ventral sites are in the reticular formation rostral to the 


respiratory centres. 


Fig. 7. Diagrams of sagittal sections through the cat’s midbrain showing the distribution of 
responses in cats under Nembutal anaesthesia. The diagrams represent sections at 1-5, 2-0 
and 2-4mm from the midline. Br.C., brachium conjunctivum; P., pons; R.N.,red nucleus; ITT, 


IV, third and fourth cranial nerves respectively. @, early sustained eye-muscle responses; 


®, ‘brief-burst’ eye-muscle responses; ©, unclassified eye-muscle responses; A, early 
sustained jaw-muscle responses; A, unclassified jaw-muscle responses. 


It is not always possible, with a fine needle tip, to be certain whether the 
response comes from a cell or a fibre; but with some of the responses from the 
reticular formation subsequent histological examination showed that, at the 
site of the responses, the needle tip lay close to large multipolar cells. An 
example of this is given in Pl, 2. The track in the medial part of the medulla is 
shown in a, and the end of the track, seen at greater magnification, in 6 and c. 
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In Pl. 2d is seen a response from a similar cell (the photomicrograph of the 
second cell and the record from the first cell were less suitable for reproduction). _ 
These large multipolar cells are very numerous among the fibres of the 
reticular formation, especially in the hindbrain. Large cells are also found in 
the layers of the superior colliculus in the cat, but it is not certain whether the 
responses in this region came from such cells, 


Fig. 8. Diagrams of sagittal sections through the brainstem showing the distribution of responses | 

in decerebrate cats. a is a section through the midline: the other sections proceed laterally 
in steps of 0-5 mm. Br.C., brachium conjunctivum; Gu., nucleus of Gudden; P., pons; ) 
P.L.B., posterior longitudinal bundle; R.N., red nucleus; T'r.B., trapezoid body; III, IV, V, 
VI, VII, nucleus and fibres of third, fourth, fifth, sixth and seventh cranial nerves respectively. 
In the case of the fifth nerve the motor nucleus is referred to. @, primary afferent neurone 
eye-muscle responses; @, second-order neurone eye-muscle responses; ©, eye-muscle 
responses in medial longitudinal bundle; @, eye-muscle responses in brachium conjunctivum ; 
O, unclassified eye-muscle responses; A, primary afferent neurone jaw-muscle responses; 
A, unclassified jaw-muscle responses. 


Inhabitory responses from the reticular formation of the brainstem. A few 
inhibitory responses were recorded in the reticular formation of the brainstem. 
They consisted in the inhibition of a unit which was showing a slow resting 
discharge. The time relation between the inhibition and the applied stretch 


Ww 
3 ir 
n 
fi 
3 | d 
| v 
7 | ti 
4 8.0 / 
a ~ > 
vil 
r 
3 a 
€ 
b 
\ 
4 


Figs 


CENTRAL RESPONSES FROM CATS’ EYE MUSCLES 193 


was variable. Stretching the mechanical antagonist of the muscle producing 
inhibition did not cause acceleration of the unit. 

Other responses to stretching eye muscles in the decerebrate cat. A number of 
needle tracks were placed close to the midline in an attempt to get responses 
from the eye-muscle nuclei. The nuclei were easily identified by the large 
diphasic spikes and the loud background activity ; the position of the electrodes 
was confirmed by passing shocks through the needle tip: these caused con- 
tractions of individual eye muscles at a very low intensity. But no modifica- 
tion of the spontaneous activity in the nuclei in response to pulling on eye 
muscles could ever be observed. 

A number of single unit responses were, however, obtained near the midline, 
but they varied in pattern. They all had long latencies and were unlike the 
sustained responses. On later examination of the brainstem the needle tip in 
each case was found to have been in the medial longitudinal fasciculus at sites 
extending from the rostral end of the nucleus of the third nerve to near the 
rostral part of the nucleus of the sixth nerve (Fig. 8a). A further small collec- 
tion of responses were recorded in the region of the brachium conjunctivum . 
(Fig. 8e, f). | 

The open circles in Fig. 8 indicate the occurrence of responses to stretching 
the eye muscles which either did not fit into any of the above categories of 
responses, or of which photographic records are not available. 


Cats under chloralose anaesthesia 


_A number of cats under chloralose anaesthesia were also investigated. Few 
photographic records are available from these experiments, and thereforeno 
detailed comparison can be made with the other two types of preparation. The 
most striking feature, however, was the very much greater number of responses 
to stretching eye muscles than in cats under Nembutal anaesthesia and the 
resemblance in this respect to decerebrate preparations. — 


DISCUSSION 


The present work is largely concerned with two types of response that were 
recorded in the brainstem of the cat as a result of stretching the extraocular 
muscles, The first type, called the early sustained response, resembles in pattern 
the responses from the low threshold stretch receptors of the limb muscles 
which are associated with the main afferent endings of muscle spindles 
(Matthews, 1933). Similar responses were recorded by Cooper et al. (1953.4) in 
the brainstem of the goat, on stretching the extraocular muscles. They con- 
cluded that if these responses could be obtained by pulling on one muscle only 
and were of short latency, then they were being recorded from the first sensory 


neurone of a spindle ending in that eye muscle. Such responses were not found 
13 | PHYSIO, OXXVIII 
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easily in the goat, but there were several clear-cut cases, and the sites of the 
responses were always associated with some part of the mesencephalic tract 
of the fifth nerve. 

The cat’s eye muscles contain no muscle spindles, but by leading from 
peripheral branches of the third nerve in the orbit, Cooper & Fillenz (1952, 
1955) showed that there were low threshold stretch receptors in these muscles, 
whose pattern of response to stretch was very like that from a muscle spindle. 
Similar discharges have now been picked up in the brainstem and the sites of 
the responses lie, very strikingly, along the course of the mesencephalic tract 
of the fifth nerve. There were more responses than were reported in the goat, 
and they were often mixed up with the sites of responses to stretching the jaw 
muscles, but the two sets of responses could usually be separated. It would 


be an interesting difference if the distribution of the afferent neurone cells of — 


the eye muscle receptots in the two animals were not the same. A greater 


proportion of the cells in the goat may lie outside the brainstem. 
In the present work the central responses to stretch of the eye muscles often _ 


had a longer latency and a lower rate of discharge than the responses in the 
third nerve of either the cat (Cooper & Fillenz, 1955) or the goat (Cooper, 
Daniel & Whitteridge, 1951). The cat’s eye muscles are small, delicate and 
easily cooled or injured. They deteriorate sufficiently in the course of an experi- 
ment to account for changes in the latency and rate of discharge. The suc- 
cessful experiments on the peripheral nerve were always those in which the 
sensory fibres were isolated quickly. The goat has large tough muscles that will 
stand considerable stretching over long periods. 

_In some cases in the cat the central responses were obtained by stretching 
more than one muscle; this may be due to a mechanical transmission of the 
pull from one muscle to another through the closely packed and richly inner- 
vated tendons at the back of the orbit. In a few cases an ‘inhibitory’ response 
was caused in a discharging unit in the mesencephalic nucleus of the fifth 
nerve by stretch applied to an eye muscle. The same unit responded to stretch 
of the antagonistic muscle with a typical primary afferent neurone discharge. 
This again must be caused by mechanical interaction at the back of the orbit 
for there can be no question of true reflex inhibition. 

The possibility of interaction between the jaw muscles and the eye muscles 
where they are in close proximity at the incomplete part of the bony orbit has 
to be kept in mind, as pointed out by Corbin & Harrison (1940). That some of 
the responses, where stretching eye muscles or jaw muscles appeared to 
activate identical units in the region of the mesencephalic nucleus of the fifth 
nerve, can be explained by such mechanical interaction, is probable. The 
possibility that all the eye muscle responses to stretch are merely due to 
pressure on jaw muscles is ruled out by the fact that afferent discharges from 
the eye muscles are known to make their way centrally starting in the eye- 
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muscle nerves (Cardin & Rigotti, 1947, dog; Cooper et al. 1951, goat; Cooper 
& Fillenz, 1955, cat). 

Extensive search in the brainstem in the goat and cat points strongly to the 
conclusion that these impulses in the primary neurones can only be detected 
in the mesencephalic tract of the fifth nerve. This now must be considered as 
a mixed afferent pathway for discharges from the jaw muscles and eye muscles, 
for we have very little reliable information about any topographical distribu- 
tion of the two sets of sensory cells. In the experiments on the cat, the eyeball 
was removed, the line of pull of each muscle and the possibility of transmitted 
pressures were carefully studied, attempts were made to prevent interaction 


between the two sets of muscles and finally mechanical stimulation of the 


muscles sometimes gave a clue to the site of the receptor. It was concluded 
that many of the early sustained responses were undoubtedly initiated in the 
extraocular muscles. 

The presence of early sustained responses to stretching the eye muscles in 
the pontine fibres of the fifth nerve strongly suggests that the path of the 
primary sensory neurone lies in the fifth nerve as it enters the brainstem. This 
is further borne out by the occurrence of responses to stretching the eye muscles 
supplied by the third nerve when this nerve and its nucleus have been destroyed 
by decerebration. It is not known whether the discharges actually enter the 
brainstem by the motor root of the fifth nerve, as is the case with the dis- 
charges from the jaw muscles (McIntyre, 1951). There is some indication that 
the two sets of responses are found in separate sites in the pontine fibres of the 


> fifth nerve. 


Outside the brainstem an accumulation of anatomical evidence proves con- 
nexions between the eye-muscle nerves and the fifth nerve (Wilkinson, 1930, 
between the fourth and fifth nerves in the cat’s orbit; Stibbe, 1930, in the 
cavernous sinus in man and the cat; Winckler, 1937, in the ungulate orbit; 
Kiss, 1935, in numerous animals; and Coppini, 1952, in the cavernous sinus of 
man). Recently, Whitteridge (personal communication) has added physio- 
logical proof that the connecting strands between the eye-muscle nerves and 
the branches of the fifth nerve in the goat’s orbit contain numerous fibres 
carrying low threshold discharges set up by stretching the eye muscles. 

All this evidence has to be fitted in with that given by Sherrington (1898) 
and Tozer & Sherrington (1910) that the eye-muscle nerves are sensori-motor 
throughout their course and also with other evidence such as that produced 
by Tarkhan (1934) that.some of the axons of the mesencephalic nucleus of the 
fifth nerve come into the brainstem by the third and fourth nerves. It is 
possible that the large nerve fibres associated with the low threshold stretch 
receptors enter the brainstem by the fifth nerve and fibres from other proprio- 
ceptors enter by the eye-muscle nerves. In the cat and monkey there are 


perhaps not a great number of these large nerve fibres. 
| 13-2 
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A big difference between the present series of cats under Nembutal anaesthesia 
and decerebrate cats was that while both gave early sustained responses to 
stretching the extraocular muscles, the cats under Nembutal gave practically 
none of the later responses in various parts of the brainstem that were so 
numerous in decerebrate cats. In these latter preparations the absence of an 
anaesthetic would have a beneficial effect on synaptic transmission and re- 


sponses in second or higher order neurones might be expected. A study _ 


of the late sustained responses, with their long latencies in relation to the 
rising phase of the stretch, their irregularities, the presence of after-discharge 
and the variability of the response with repeated stimulation all suggest a 
higher order neurone response; the picture is sufficiently like the early sustained 
response for it to be occurring in a second order neurone. 

_ The sites of these late sustained responses are interesting. They were found 


in the superior colliculus close to the sites of first neurone responses and of © 


visual responses (Fillenz, unpublished). This is very suggestive that informa- 
tion from the retina and from the proprioceptors of the eye muscles are as- 
sociated in some of the lower visual reflexes. Other responses were found 
ventral and lateral to the nucleus of the third nerve and near the nucleus of 
the sixth nerve. The connexions between the afferent and efferent neurones of 
the eye muscles are still obscure, but impulses from the afferent cells in the 
mesencephalic nucleus of the fifth nerve must be carried in tecto-tegmental 
pathways to the ventro-lateral aspects of these motor nuclei. The tecto-spinal 
tract may be the one involved; in some of its course it lies close to the sites of 
late sustained responses in the midbrain, pons and medulla. 

A number of the responses appear to come from the large cells of the 
reticular formation. The function of these cells is unknown; some of them may 


belong to the internuncial neurones of the cranial nerves, others may play a 


special part in the excitatory and inhibitory effects which these areas are now 
said to have on the body musculature. The sites of responses to stretch of the 
eye muscles in the medulla suggest that the electrode was near pathways 
leading to and from the spinal cord; a close connexion between the neurones 
of the eye muscles and the neck muscles is certainly to be expected. It must 
not be forgotten when dealing with the orbit and the reticular formation of the 
medulla oblongata that there are said to be many diffuse pathways in this 
formation which constitute secondary connexions of some of the orbital nerves 
belonging to the fifth nerve (McKinley & Magoun, 1942). Future work on the 
peripheral pathways of the fibres from the eye muscle proprioceptors may 
make it possible to exclude decisively any influence of the peripheral orbital 
endings (other than those in the eye muscles themselves) on results such as 
have been obtained in the present work. 

The responses in the medial longitudinal fasciculus are interesting, not on 
account of their pattern which is rather ill-defined, though they are always 
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late, but because responses to stretch of the eye muscles are found ina fasciculus 
so closely associated with eye-muscle connexions and with oculomotor- 
vestibular pathways. 

Responses in the brachium conjunctivum are again ill-defined i in pattern, but 
numerous enough to suggest that the cerebellum is concerned with the pro- 
prioceptors of the eye muscles as it is with the other muscle proprioceptors in 


_ the body. 


The fact that late responses to stretching the jaw muscles were not often 
found at identical sites with the responses to stretching the eye muscles lends 
further support to the conclusion that two separate systems are being dealt 
with, and that the pathways for the two sets of responses become separate 
after the closely parallel pathways of parts of the first neurone responses. 

The brief-burst type of response recorded in the cats under Nembutal is quite 
unlike anything recorded from fibres of the third nerve in the orbit; this makes 
it improbable that it is a first neurone response. It is much more suggestive of 
a cell that is injured, but if it is from a first neurone cell it is surprising that 
similar responses are not recorded in decerebrate cats. It might be from a 
second-order neurone cell that was being insufficiently stimulated through a 
partially blocked synapse. If this latter assumption were true, the brief-burst 
might be related to the first burst seen in some of the responses described i in 
the results under late sustained responses in the decerebrate cats. 

No responses were ever heard or recorded when the needle tip was in nuclei 
of the eye-muscle nerves; this is contrary to the experience of Cooper e¢ al. 
(19535) with the goat. There may have been a difference in the anaesthetic 
levels in the two kinds of animal, or there may be a difference in synaptic 


- connexions between the eye muscle nuclei and the muscle spindle afferent 


fibres in the goat’s eye muscle on the one hand, and the afferent fibres of the 
receptors in the cat’s eye muscles on the other. But too much weight must not 
be attached to negative results in this type of work. 


SUMMARY 


1. Responses to passive stretch applied to the extrinsic. ocular muscles were 

recorded with a microelectrode from the brainstem of the cat. The preparations 
were animals under pentobarbitone anaesthesia, under chloralose anaesthesia 
or decerebrated. 
2. The features of the early sustained responses, found along the course of 
the mesencephalic nucleus of the fifth nerve and attributed to primary 
afferent neurones, are described. Their relation to responses from stretching 
the jaw muscles is discussed. 

3. Brief-burst responses, recorded only in the midbrain of cats under pento- 
barbitone anaesthesia, are described and their possible significance discussed. 
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4. The characteristics and distribution of late sustained responses believed 
to be in second-order neurones found only in the decerebrate preparations are 
described. 

5. The possible peripheral pathways of afferent nerves from stretch — 
in eye muscles are considered. 

6. A few observations are made on the characteristics of the cat’s brainstem 
during chloralose and pentobarbitone anaesthesia. 


I wish to thank Prof. E. G. T. Liddell for the facilities of his laboratory. I am grateful to 
Dr Sybil Cooper for her help and advice. Mr E. H. Leach very kindly took the photomicrographs 
and Mr A. Austin did the large amount of photography involved in this work. 
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EXPLANATION OF PLATES 


| 
a: sagittal section through cat’s brain showing needle track enclosed by black lines near tip of 
which stretching inferior oblique muscle gave an early, sustained discharge of a single unit. 
b: needle track, at a magnification x 33-3 greater than in a: two globoid cells (indicated by arrows) 
of the mesencephalic nucleus of the fifth nerve. It is probably the upper of the two cells 
which gave rise to the record in c. 


-_¢: response to stretching inferior oblique muscle. This unit was unaffected by stretch applied to 


any other of the eye muscles or by moving the jaw. 


PLaTE 2 
a: sagittal section through brainstem of decerebrate cat (cephalic end shows the level of decerebra- 
tion) showing needle track in hindbrain (enclosed by black lines). 
b: magnification x 6 greater than in a, Needle track is seen to end opposite a large, multipolar cell 
(indieated by arrow) in the reticular formation. ' 
c: further enlargement to show cell. 
d: record from a cell similar to the one shown in c. Record from cell shown in c was not suitable 
for reproduction. 
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CORRELATION BETWEEN MEMBRANE POTENTIAL, SPIKE 
DISCHARGE AND TENSION IN SMOOTH MUSCLE 


By EDITH BULBRING 
From the Department of Pharmacology, University of Oxford 
| (Received 23 November 1954) 


The membrane potentials which can be recorded with intracellular electrodes 
in smooth muscle fibres vary over a wide range, and a ‘resting’ value cannot 
easily be determined. In the sphincter pupillae of the rabbit’s iris the average 


found by Biilbring & Hooton (1953, 1954) was 60 mV. In the taenia coli of the 


guinea-pig the potential was found to depend on the degree of stretch, being 
inversely proportional to the length of the muscle (Biilbring, 1954a, b). The 
highest value recorded was 78 mV, but the average found in muscle at its in 
situ length was 60 mV, while it was 43 mV when the muscle was stretched. 
Greven (1953) recorded potentials between 38 and 77 mV in the muscle of the 
stomach of Salamandra maculosa. He also recorded from the guinea-pig’s small 
intestine (using rather larger electrodes of 5-10, diameter) and observed the 
spike potentials described earlier by Bozler (1939). These spikes occur in the 
taenia coli also. Woodbury & McIntyre (1954) used pregnant uterus prepara- 
tions (human, guinea-pig and cat) expecting to cause less damage in the 
enlarged smooth muscle cells on insertion of the microelectrode. However, the 
potentials were not different from those found in the other smooth muscle 
preparations mentioned and varied over a similar wide range from 21 to 
66 mV. i 

So far, then, no ‘resting potential’ has been established for smooth muscle 
such as is known for skeletal muscle (Ling & Gerard, 1949; Nastuk & Hodgkin, 
1950) or heart muscle (Woodbury, Woodbury & Hecht, 1950; Draper & Weid- 
mann, 1951). The resting potentials of skeletal muscle vary within a very 
small range, but cardiac resting potentials show a wider scatter. Intestinal 
muscle such as the taenia coli, which is the longitudinal muscle strip on the 
caecum of some animal species, exhibits a rhythm of spontaneous movements. 
Contractions alternate with relaxations, and the wide variation of potentials 
recorded may be due to varying degrees of activity in which the cells are found 
at the moment of impalement. In the previous paper (Biilbring, 19545) it was 


Th 
Bi 
in 
six 
th 
10 
th 
wi 
to 
m 
de 
to 
an 
ta 
th 
cc 
in 
st 
w 
al 
tk 
if 
(2 
a 


> 
3 
4 200 
«fe 
a4 as 
an 
; 
S 
ay 
Sl 
SC 
4 
Br, 
Wy 
4 
+ 
A 
4 
4 
4 
4 
bad 
ca. 


SMOOTH MUSCLE POTENTIAL AND TENSION 201 


assumed that the fall in membrane potential and the rise in the frequency of 
spike discharge, occurring when the muscle was stretched, were the response 
to the mechanical stimulus which caused the muscle to produce a tension. 
Substances like histamine and acetylcholine which increase tension produced 
similar changes in membrane potential and spike frequency. No records of the 
tension developed were, however, available, and the present paper will de- 
scribe further investigations in which the tension was simultaneously recorded. 
A preliminary note on some of the results has already been published (Biilbring, 
1954¢). 


METHOD 


The method has been described in detail in the previous papers (Bilbring & Hooton, 1954; 
Bilbring, 19546). For most experiments a shorter length of taenia than previously was used. The 
in situ length was 5-10mm. The Perspex frame on which the taenia was mounted was consequently 
smaller (4x5 mm). It was not a ring but a thin oval disk around which ran a groove to take the 
thread fixing the underlying membrane in order to keep the taenia flat. In a few experiments a 
10-20 mm length of taenia was dissected free from the underlying tissue in order to confirm that 
the mounting on the frame did not interfere with the effect of stretching. One end of the taenia 
was attached by a thread to a device by which it could be extended. The other end was attached 
to a mechano-electronic transducer valve (RCA 5734) which could also be moved to extend the 
muscle strip by pulling from this end. The transducer valve was mounted by the method first 
described by Talbot, Lilienthal, Beser & Reynolds (1951) which was slightly modified according 
to Kuffler & Vaughan Williams (1953). The current passing through the valve was suitably 
amplified and a backing device was incorporated in order to amplify and observe in detail changes 
taking place from a previously attained tension. 

Drugs were either added to the bath (volume 2 ml.), by slow injection through very fine poly- 
thene tubing lying inside the warming coil, or they were included in the Krebs solution flowing 
continuously at a rate of 1-2 ml./min. For polarization, Ag-AgCl electrodes were inserted into 
glass tubes filled with Ringer solution. These tubes were drawn out to capillaries of about 1 mm 
internal diameter. They were suitably bent so that one capillary was pressed gently on to the 
surface of the taenia at one end, while the other capillary ended in the fluid of the bath. The tissue 
was polarized from a constant current source, totally isolated from earth, with a strength up to 
200 uA. The disposition of the electrodes was as follows: the two current-carrying electrodes were 
at one end of the bath, and the indifferent electrode was at the opposite end. The best region for 
the microelectrode was found by observing the potential changes recorded by the microelectrode 
if it was not inserted into a fibre and 200 »A passed between the two polarizing electrodes. In 
some experiments the artifact could be eliminated by moving the microelectrode as far as possible 
(5-10 mm) and equidistant from both polarizing electrodes; in other experiments a stimulus- 
artifact of 2-3 mV remained. 

In all experiments the temperature was kept constant at 35° C. 


RESULTS. 
A. The changing state of the cell 
(a) Spontaneous activity, After a taenia preparation had been set up under 
moderate tension to minimize movements its length was noted and records of 
tension and membrane potential were obtained. In Fig. 1a such a record from 
the beginning of an experiment is shown. The muscle length was 7 mm. The 
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tension was not steady: around an average of 4-5 g the preparation exhibited 
spontaneously small increases and decreases in tension over a range of 0-8 g. 
As is shown in the upper record, these changes in tension were accompanied 
by fluctuations of the membrane potential. At the beginning of the record the 
average potential was 50 mV, and it decayed in the course of 84 sec to 40 mV. 
The fluctuations took place over a range of about 10 mV. Simultaneous with 
the alternating contractions and relaxations there were bursts and pauses of 
spike discharge. When the tension increased spikes occurred at a rate of about 


mV 
g 5 
4— 


mV 


- 9 
10 sec | g 


Fig. 1. Taenia coli of the guinea-pig. Records of membrane potential, spike discharge and tension 
showing spontaneous fluctuations at 7 mm length (a), and when the muscle was stretched to 
8 mm (6). The first two records in (c) show the limits of spontaneous activity after stretch to 
9 mm. Third record after 2 yg histamine, fourth after 1 min. (d) shows recovery at 2 min 
50 sec, 3 min 20 sec, 4 min, 6 min 30 sec, and 7 min. For description see text. 


1 per sec.; when the tension decreased no spikes were recorded. It may be of 
interest to note that after each spike, which was presumably recorded from one 
cell, a small change in tension was produced by the whole 7 mm length of the 
tissue, indicating that the tissue acted as a syncytium. This assumption was 
supported by observations described in § B. The general picture thus was a 
rhythm of contractions, accompanied by depolarization and spike discharge, 
and relaxations accompanied by repolarization and cessation of spikes. It 
should be emphasized that the depolarization was always only partial; the 
membrane potential remained negative and a reversal was never observed. 
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(b) The effect of stretch. The taenia was now stretched by 1 mm. It accom- 
modated to its new length of 8 mm by producing a slightly higher tension than 
before, which stayed almost steadily at 5 g (Fig. 1b). Nevertheless, the 
membrane potential fluctuated between 40 and 60 mV and the spike frequency 
was increased when the potential was low and decreased when the potential 
was high. The discharge did not cease, as it did pees, but occasionally a single 
spike was dropped. 

The limits within which spontaneous activity took place after the muscle 
had been stretched further from 8 to 9 mm are shown in the first two records 
of Fig. 1c. The tension fluctuated between 10 and 10-5 g while the membrane 


potential changed inversely between 50 and 30 mV. The spike frequency rose 


as the potential fell. 

(c) The effect of histamine. In Fig. 1c, between the second and third record, 
2 pg histamine was injected into the bath. (There was always a time lag attribu- 
table to the delay in the dose reaching the preparation as it entered the bath at 
the same point as the bathing solution, 2 cm distant from one end of the 
muscle.) The potential fell, and with the rise in tension the spike frequency 
increased. The rate of spike discharge was highest during the actual rise in 
tension and while the tension was maintained the spike frequency diminished 
(end of Fig. 1c). The potential, however, remained low while the tension 
was maintained. As the tension returned to normal the spike frequency slowed 
(Fig. 1d), and when the muscle relaxed below the pre-histamine level the 
spike discharge ceased and returned in bursts which were reminiscent of 
the condition shown in Fig. 1a. During the pause of the spike discharge the 
tension fell very low and, when the spikes reappeared, the tension was built 
up in steps, each of which followed a spike. The tissue remained depolarized 
for longer than its tension was maintained, and it was only 6-7 min after the 
histamine had been injected that the previous rhythm was resumed. The last 
two records in Fig. 1d show the limits within which spontaneous activity took 
place. They are comparable to those before the injection (Fig. 1c). 

(d) Further stretch and repetition of histamine. The muscle was now stretched 
from 9 to 10 mm. Fig. 2a¢ shows spontaneous activity in this new condition. 
The tension, after an initial rise to 11 g was not maintained but, with slight 
fluctuations, it varied between 9-2 and 9-8 g. The membrane potential fluctuated 
between 37 and 43 mV. The rate of the spike discharge also showed fluctua- _ 
tions. Its frequency which at 7 mm had been 40 per min, at 8 mm 60, at 9 mm 
66, now, at 10 mm was 74 per min. A second dose of 2 yg histamine, at the 
arrow in Fig. 2b, caused depolarization and increase in spike frequency with — 
the increase in tension. During relaxation also at this degree of stretch the 
spike discharge ceased as the tension fell below the pre-histamine level (Fig. 2c). 

(e) The size of the spike potentials. So far only the rate, but not the size, of 
the spikes has been considered. They always became smaller when they 
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increased in frequency as the tension rose either spontaneously or in response 
to histamine. During recovery their size slowly increased. Often, at that time, 
hyperpolarization occurred and the size of the spikes was then larger than it 
had been at any time before. Spike potentials of 20-25 mV were recorded in 
several experiments. In Fig. 3a is shown such an example when, about 5 min 
after the last record in Fig. 2, the muscle had relaxed to only 8 g tension. The 
membrane potential rose to 50-60 mV, the spike frequency declined to 63 per 
min, and the size of the spike potentials rose to 20-22 mV. Histamine was 
injected (at the arrow) and the muscle contracted (Fig. 36). It is possible that 
the drop in membrane potential and decrease in spike size which took place 
during contraction are artifacts due to shifting of the electrodes. But this is 
improbable for the reason that, without altering the electrode position, both 
the membrane potential rose above and the size of the spikes returned to that 
observed throughout the previous course of the experiment (Fig. 3c, d). 

The experiment which is illustrated in Figs. 1-3 has been described in such 
detail because it shows on one single preparation the great variety of states 
which smooth muscle can assume, either spontaneously, or as a consequence 
of extension, or following the influence of active substances. As the muscle 


adapts or recovers after an imposed change, e.g. altering its length or its — 


chemical snvironment, the state of the cell changes. Conditions will therefore 


be different according to the time elapsed after a given stimulus. Theimmediate — 


response to various stimuli will now be described in detail. 


B. Stretch and relaxation 
When a taenia coli is dissected out of the body it contracts usually to about 
50% of its im situ length. When, after immersion into warm oxygenated 
Krebs’s solution, it is extended again to its in situ length it exhibits very little 
tension. It can then be extended to about 3 times its in situ length, when it 
will, beyond a certain threshold of passive tension, actively contract or, if it is 
fixed isometrically, produce an active tension increasing over a certain range. 


If stretched further, it may, on the other hand, cease to respond with further 


increase in tension and, on the contrary, it may relax. 

In Fig. 4 is shown an experiment in which a muscle was extended in steps 
of 2 mm at a time, from 12 to 30 min and was then released in similar steps. 
As soon as possible after each step, a record of tension, membrane potential 
and spike frequency was obtained by fresh impalement; this took about 30 sec 
each time. On the abscissa in Fig. 4 the length of the taenia has been recorded. 
As it was increased both tension and spike frequency rose while the membrane 
potential fell. Each point represents one single record and, while there is no 
doubt about the degree of tension and the number of spikes, the imperfection 
of potential measurements may account for the irregularity of the readings, 
though they were mostly lower when the tension was high. On relaxation the 
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20- 
a 
40 
~ 


—9g 


10 sec 
Fig. 2. Same experiment as Fig. 1. (a) Spontaneous fluctuations in membrane potential, spike 
frequency and tension after stretch to 10 mm. (b) Response to 2 pg histamine. (c) First - 
record continuation of (6), subsequent records 2 min 30 sec, 4 min 35 sec, 5 min 45 seo, 
6 min 35 sec later (for description see text). 


mV H. 
~ 10g 
40- 
207 
10g 
40~ b 
-8 
60- 
—10g 
Cc 
40~ 
60 


20- 

60 = 10 

3 min 4min 4min 30sec 5 min 30sec 7min 10min 

Fig. 3. Same experiment as Figs, 1 and 2 (muscle length 10 mm). (a) Period of hyperpolarization 
following the previous record; at arrow beginning of injection. (b) Direct continuation of (a), 
effect of 2 yg histamine. (c) Direct continuation of (b). Subsequent records show fluctuations 
up to 10 min later (for description see text). 
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potentials decreased steeply. Fig. 4b shows that, on returning to the same 
muscle length during relaxation, the spike frequency reflecting the tension 
developed was different from that produced while the muscle was stretched. 


Length 10 —» 20 —» 30 —» 20 —» 10mm 
| 


14 16 22 26 30 2% 22 16 14 mm 
Fig. 4. (a) The effect of progressive stretch and relaxation (abscissa = muscle length) on membrane 
potential @——-@, rate of spike discharge @ - - - @, and tension O——O (ordinates). 
(b) Records of corresponding steps during stretch and relaxation. Each record in (a) represents 
a single observation. 


In order to obtain a more accurate estimate of the changes in: membrane 
potential another experiment was performed in which the muscle was stretched 
in steps of 5 mm atatime. Not only one, but a succession of fibres was sampled, 
allowing 4 min for each step. The mean results are shown in Fig. 5a, the number 
of fibres sampled being given in brackets. The rate of spike discharge rose with 
the increase in tension while the membrane potential changed inversely. 
During relaxation, as the tension fell to nearly zero, the spike frequency 


membrane potential rose again and both the tension and the number of spike — 
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declined below the initial rate while the membrane potential rose above the 
original value, When the means of the potentials recorded were plotted as a 
function of muscle length (Fig. 5b) no relation could be established. However, 
there was found to be an inverse correlation between membrane potential and 
muscle tension (Fig. 5c). The changes in membrane potential and spike 
frequency were thus not primarily a function of the muscle length but they 
were a function of the tension produced in response to the increased length. 


| Potential to length 


40mm 20mm 


(b) 


15 —> 20 > 25 — 30 > 25 > 20 > 15mm 0 2 4 6 8 10 
Potential to tension (g) 


Fig. 5. Mean results obtained by impaling successive fibres (numbers in brackets) at each step of 
stretch and relaxation indicated on abscissa in (a). Symbols as in Fig. 4. (6) The membrane 
potential plotted against muscle length (top) and (c) against muscle tension (bottom). 


This was repeatedly observed and is shown by the experiment illustrated in 
Fig. 6. A preparation was stretched from 11 to 13 to 15 mm; it was then | 
relaxed, and after a few minutes it was stretched again by the same amounts. 
| Fig. 6a shows the records obtained from one fibre during each step; Fig. 65 
shows the means of the three readings obtained during each step of the first 
tun; Fig. 6¢ shows the second run. Each time the increase in length caused a 
fall of membrane potential and produced a rise in tension accompanied by an 
increase in spike frequency. But the records obtained at identical lengths were 
not the same because the tension developed at each state of the second run was 
different from that produced when the muscle was stretched for the first time. 
When the results obtained were plotted as a function of the different tensions 
developed it was found (Fig. 6d) that the membrane potential was inversely 
correlated with the tension while the rate of the spike discharge was directly 
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correlated. The state of the cell at a given length may thus not only be different 
if the course of stretch and relaxation are compared, but also if the tissue is 
stretched twice within a limited period of time. The sampling of successive 
fibres has the advantage that a family of readings can be obtained for a given 
condition, It may, however, obscure the continuous change in the state of the 
cell during its accommodation to the new condition. 


g 


11 13 —>15mm 11 — 13 —> 15mm 0 2 4 6g 

Fig. 6. The muscle was stretched twice from 11 to 13 to 15 mm. (a) Records of membrane 
potential and tension at each step. (b), (c) Means obtained during each run as a function of 
muscle length. (Symbols as in Fig. 4.) (d) Membrane potential (filled circles) and spike 
frequency (crosses) as a function of tension, 


Adaptation occurred slowly. The greatest fall in potential and increase in 
spike frequency was usually observed during the first minute after the 
stretching. While the tension gradually approached a new level the membrane 
potential and the rate of spike discharge showed fluctuations over a very wide 
range. As spontaneous activity was stimulated by stretch it was difficult to 
determine whether the process of adaptation reached a steady state. 

Effect of drugs on the response to stretch. Hexamethonium in concentrations 
from 10~* to 4 x 10-4 did not abolish the response to stretch. It had a stimulant 
action on the rate of the spike discharge which it increased in five out of six 
experiments. In four experiments the membrane potential was lowered. In 
these four experiments the muscle appeared to be more sensitive to stretch, 
and it responded to a given amount of extension both with a higher tension 
and with a greater increase in spike frequency than in the. absence of hexa- 
methonium. The same result was obtained whether the stretch was carried out 
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in normal solution first and was then repeated in the presence of hexa- 
methonium, or whether the order was reversed. 

Atropine was applied in concentrations from 10-* to 4 x 10-5. Strong con- 
centrations, from 10~* to 4 x 10-*, caused relaxation, complete disappearance 
of spikes, and a. rise of potential. In five experiments in which the membrane 
potential measurements varied between 38 and 47 mV atropine caused a 
transient rise to 60-70 mV. But though a concentration of 10-5 was kept con- 
tinuously present in the bathing solution, the spikes reappeared, larger in size 
than before. They were first discharged in bursts while the potential remained 
raised. Gradually the rhythm of spike discharge became regular but the rate 
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per min (b) 
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Fig. 7. The response to stretch in the presence of atropine 2 x 10-*. The rate of spike 
——- (a) and the membrane potentials (5) are plotted against tension. 


was slower shezi it had been before. Atropine, in 1 concentrations from 10-* to 
3 x 10-, after an initial relaxation and slowing of the spike discharge, caused 
no significant change in the spontaneous activity. While the action of acetyl- 
choline was completely prevented, the response to stretch was not abolished. 
The threshold, however, appeared to be raised. In the presence of atropine the 
muscle had to be extended further in order to produce a given rise in tension 
and in the rate of spike discharge. The membrane potential was consistently 
higher than during the control periods, but the amount of depolarization as 
tension was produced in response to stretch was the same. Fig. 7 shows the 
results obtained in an experiment in which 2x10~* atropine was present 
throughout. The muscle preparation was stretched 3 times in steps of 2 mm. 
At each step one or two fibres were sampled. Each record of spike frequency 
(a) and membrane potential (b) was plotted as a function of the tension pro- 
duced. There was no qualitative difference between the behaviour of the 


atropinized tissue and the normal tissue. | 
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Cocaine 5 x 10-5, sufficient to abolish the peristaltic reflex (Feldberg & Lin, 


1949) did not abolish the spike discharge. It slightly reduced the develop- 


ment of tension’ and thus reduced the response to stretch. In one experiment 
procaine 5 x 10-* was given. This did not abolish the spike discharge. How- 
ever, prolonged exposure to this high concentration gradually abolished the 
production of tension and the increase in spike frequency in response to 
stretch. The membrane potential fell progressively. This may be of no signifi- 
cance as the muscle was stretched to breaking point. The observation that 
nerve-blocking concentrations of local anaesthetics did not abolish the spikes, 
supported the assumption made in the previous section that conduction did 
not take place in nerve fibres. 


C. The action of histamine and acetylcholine 
_ The effect of stimulating substances on the taenia coli was usually as follows. 
A slow depolarization preceded the increase in spike frequency which occurred 
with the production of tension. As the effect passed off the rate of spike dis- 
charge diminished first, and the tension declined before the repolarization of 
the membrane. The potential level was the most difficult to determine, but the 
majority of a large number of observations showed the sequence mentioned 
above. In a few experiments a transient rise of membrane potential preceded 
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Fig. 8. Effect of histamine on membrane potential, spike frequency and tension. ‘Records 1 min 
apart. Between 2nd and 3rd record 10 yg histamine was added to the bath. Note increase 
in the spike size in the 7th record. 


the initial fall and, either during the rising phase or during the height of the 
tension, a transient interruption of the slow depolarization was sometimes seen 
(see Fig. 1). During the period of recovery the fluctuations of membrane 
potential and spike frequency were such that no rule could be established (see 
Figs. 1-3). Hyperpolarization and increase in the size of the spike potentials 
were repeatedly observed but they were by no means the rule. There is every 


likelihood that this short-lasting condition was often missed. In Fig. 3 it was — 


seen about 10 min after the previous histamine injection shown in Fig. 2. But 
the greatest increase in the size of the spike potentials was observed 4 min 
after a large dose of histamine (10 yg) had been given (Fig. 8). The initial spike 
size of 4-6 mV (a, b, c) decreased to 2 mV (d) at the height of the histamine 
effect and rose during recovery to 20 mV. This condition was never found to 
be of long duration. 
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The action of acetylcholine was indistinguishable from that of histamine. 
The effect of 1 ~g acetylcholine is shown in Fig. 9, the results in (a) were 
obtained by impaling successive fibres, examples of which are shown in (b). 


_ Spikes 
per min 
240 
+7220 
180 


Fig. 9. Effect of acetylcholine. (a) Sequence of changes plotted against time. Symbols as in 
_ Fig. 4. (6) Seven records of tension, membrane potential and spike discharge, taken at points 
indicated 


In order to study whether adaptation to chemical stimuli took place, in one 
experiment histamine in a concentration of 2 x 10-7, and in another acetyl- 
choline in a concentration of 5 x 10-*, were added to the bathing fluid and 
remained in contact with the preparation for 14 and 12 min respectively. The 
greatest increase in spike frequency and the greatest fall in potential were seen 
in the beginning of the infusion when the peak tension was reached. In the 


presence of histamine the tension was maintained, while in the presence of 
14-2 
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acetylcholine the tension declined steadily (this might have been due to hydro- 
lysis in the solution). But with both solutions neither the initial high rate of 
spike discharge nor the initial low membrane potential persisted. An inter- 
mediate higher spike frequency was maintained but the membrane potential 
returned to normal limits. Details are given in Table 1. 

_Hexamethonium 10-* and 2 x 10-* abolished neither the action of acetyl- 
choline nor that of histamine. In one out of four experiments the effect of 
5 wg acetylcholine was augmented, in another it was slightly reduced, in two 
it was unchanged. Cocaine, 5 x 10-5, had no effect on tension, spike discharge 


or membrane potential. It did not alter the response to acetylcholine or 


‘histamine. Cocaine, 10-*, without affecting the changes in membrane potential 
or spike frequency, slightly diminished the tension produced in response to 
5 wg acetylcholine. Atropine, 2x 10-*, as might be expected, prevented the 
effect of acetylcholine without changing that of histamine. 


Taste 1. Adaptation of muscle during infusion 


Changesin ... Tension (g) Spikes (per min) Potential (mV) 
| ‘Start End Start Start End 


5 x 10-* for 12 min 
2x 10-7 for 14 min 
D. The effect of external polarization 

In the previous sections it was shown that during spontaneous activity, 
during the response to stimulant substances and as a result of stretch the 
changes in membrane potential were inversely proportional to the changes in 
tension and spike frequency. 

The question arose, if these three components were so closely related, whether 
it would be possible to influence the tension and spike frequency by changing 
the potential. 

For skeletal muscle this was shown many years ago (see Biedermann, 1896) 
and has more recently been studied in relation to membrane changes by 
Kuffler (1946), Fleckenstein, Hille & Adam (1951) and Kuffler & Vaughan 
Williams (1953). 

Experiments were performed in which the potential was orgs by applying 


external polarization. The length of the muscle remained unchanged; it was — 


fixed isometrically under a given tension. It was found that this tension 
diminished on applying anodal polarization, while the tension increased with 
cathodal polarization. The polarity was that of the electrode dipping in the 
bath, not of that which touched one extreme end of the preparation. This latter 
electrode apparently only influenced the part of the muscle against which it 
was pressed with its glass rim. The rest of the muscle surface was in low 
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resistance contact with the other electrode whose capillary opened into the 

bathing fluid. (This could be demonstrated by an experiment in which the two 

ends of the taenia were pulled into the two capillaries. The muscle was left 

quite slack in order to observe contraction. When it was immersed in liquid 

paraffin and stimulated from a direct current source it was clearly seen that it 
contracted at the cathode but relaxed at the anode.) 
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Fig. 10. The effect of polarization. Records of membrane potential, spike discharge and tension 
obtained (a) after 10 min exposure to atropine 2 x 10~*, (b) 30 min later. For description see 
text. 0=non-polarized, + =stimulation with +200 »A, =stimulation with -—200 pA. 
(Polarity refers to the electrode opening into the bathing fluid.) Stimulus artifact 2 mV or less. 


Fig. 10 shows the effect of polarization on the membrane potential, spike 
discharge and tension in a taenia coli preparation. At the beginning of the 
record (a) the membrane potential of the non-polarized muscle was 38 mV, the 
tension was 3-7 g, the spike frequency 90 per min. Anodal polarization caused 
a rise in potential, disappearance of spikes and, after a latent period of about 
1 sec, a fall in tension. Reversal of polarity had the opposite effect: the mem- 
brane potential fell, the first spike potential appeared about 1 sec later and 
was followed by a very high frequency discharge; the tension rose. When 
polarization was stopped the membrane potential and spike frequency returned 
to the initial values and after a latent period the muscle relaxed. The record (a) 
was obtained after 10 min exposure to atropine; record (b) 30 min later. The 
electrode was inserted during anodal polarization while the tension was low. 
The membrane potential was 50 mV and there were no spikes. By reversing 
polarity opposite effects could still be produced and the muscle reverted to its 
original state when polarization was stopped. The muscle response to repeated 
polarization thus remained unchanged during prolonged exposure to atropine. 

Fig. 11 illustrates another experiment in which a weaker polarizing current 
was used. The record (a) was obtained in normal solution ; it starts while the 
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muscle was anodally polarized. Three degrees of activity were produced in the 
muscle: the highest tension and fastest rate of spike discharge during cathodal 
polarization, an intermediate level in the non-polarized state, and the lowest 
tension during anodal polarization. The membrane potential clearly responded 
only during the first few seconds following polarization; it then fluctuated. 
At the end of the record the electrode shifted and had to be re-inserted. Fig. 116 
was obtained in the presence of hexamethonium 4x 10-*. The changes in 
membrane potential, in the rate of spike discharge, and the differences in 
+ - 0 + 


-30 a 


10 sec 4 
+ 
Fig. 11. Effect of polarization. Records as Fig. 10. 0=non-polarized, + =stimulation with 
+100 pA, - =stimulation with — 100 A. (a) In normal solution (the electrode shifted and 
was re-inserted at the end of the record). (6) In the presence of hexamethonium 4 x 10~*. 
No stimulus artifact. 


tension were greater than in Fig. lla. Thus, while no shane in the response — 


to repeated polarization was seen during prolonged exposure to atropine, it 
was slightly increased in the presence of hexamethonium. 

_ The response to repeated polarization was diminished during ianeed 
exposure to cocaine, though the spontaneous spike discharge was not affected. 
The development of tension seemed to be impaired. In Fig. 12 are shown two 
records obtained in the presence of cocaine 5 x 10-*. In Fig. 12a, after 12 min 
exposure, the initial muscle tension was 4 g. Cathoda! polarization caused a fall 
in potential and increased spike discharge, but it did not increase the tension 
further. On reversing the polarity the potential rose, the spike discharge 
stopped, and the muscle relaxed. Fig. 126 was obtained 33 min after (a). The 
electrode was inserted while the muscle was anodally polarized and its tension 
was low. To cathodal polarization it responded with a slow increase in tension, 
an increase in the rate of spike discharge which was, however, less than in (a) and 
irregular. As soon as polarization was stopped the spike discharge returned 
to a slower, regular rhythm. The effect of cocaine was completely reversible. 
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Table 2 gives the mean results obtained in each of six experiments during 
which external polarization was applied at different strength and polarity. In 
all experiments the tension and the rate of spike discharge rose with cathodal 
polarization while both diminished with anodal polarization. In all experi- 
ments there was a graded response according to the degree of polarization. 
Neither hexamethonium, cocaine nor atropine abolished the effect. 
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| 10sec Q | 
Fig. 12. Effect of polarization. Records as Fig. 10. 0=non-polarized, + =stimulation with 
+200 pA, - =stimulation with -200 yA. (a) After 12 min exposure to cocaine 5 x 10-5. 
(6) 33 min later (in the middle of (5) the electrode was re-inserted). Stimulus artifact 2 mV 
or less, 


TABLE 2. Effect of polarization 


Polarizing current (yA) 
+200 +100 0 -100 -200 +200 +100 0 -100 -200 

Tension (g) Spikes in first 20 sec 
Normal 3°7 4-1 6:3 77 7-9 20 22 25 35 47 

2 Normal — 6-2 7-5 8-3 — — 20 40 63 
Hexamethonium, — 6-6 8-8 9-4 — — 26 53 88 — 

4x10-* 
3 Normal 3-6 3-6 3-7 425 475 0 24 «3§=6«50 66 
4 Normal 3-8 4:5 55 — — 0 22 54 
Hexamethonium, — 4-5 6-1 6-8 — — 10 60 71 
4x10 3 

5 Normal 3-4 3-8 4-2 4-7 5:2 0 28 39 59 
Cocaine,5x10-5 3-5 40 4-4 4:5 6 — 32 37 63 
Atropine, 2x10-* 2-9 3-5 — 5-1 0 42 87 
6 Normal — — 2-8 3-2 3-7 — — 18 32 40 


Fig. 13 shows the increase in spike frequency and the parallel increase in 
tension produced when the degree of polarization was increased in steps of 
25 wA, The muscle was polarized for 30 sec and was allowed to relax for the 
next 30sec, Each point on the graph represents one observation. The strength 
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of stimulus was first increased from —50 to —200 pA and then stepwise 
decreased from —200 to —75 pA. The result obtained resembled that pro- 
duced by progressive stretch and relaxation (see Fig. 4a). 

Hexamethonium sensitized the muscle to polarization as it did to stretch. 
In the non-polarized condition the stimulant action of hexamethonium was 
apparent from the higher rate of spike discharge and the greater tension pro- 
duced by the muscle spontaneously. When it was polarized with a weak stimulus 
the spike frequency rose more steeply and, as the stimulus strength was in- 
creased, the muscle produced more tension and more spikes in the presence of 
hexamethonium (Fig. 146) than before (a). After the hexamethonium had 
been removed by running normal solution for 15 min the cathodal polarization 
was repeated (c). The spike response returned to almost identical rates as were 
observed before, but the tension remained raised. 


‘DISCUSSION 


The observations which have been described show that in the taenia coli a 
close correlation exists between the membrane potential, the rate of spike 
discharge and the tension. In the first section it was shown how the spon- 
taneous fluctuations in membrane potential and in the rate of the spike dis- 
charge were correlated with the spontaneous fluctuations in tension. 

In the second section it was shown that the membrane potential and the 
spike frequency were related to the muscle length. The potential changes were 
inversely related, and the changes in spike frequency directly related, to the 
tension which the muscle produced in response to stretch. 

In the third section it was shown that during the action of stimulating sub- 
stances like histamine and acetylcholine the membrane potential again 
changed inversely to the tension produced, while the spike frequency rose as 
the tension increased. | 

For two reasons steady membrane potentials are rarely seen. Due to the 
technical difficulties: many potentials slowly decay. Due to the spontaneous 
activity many potentials fluctuate. However, a large number of observations 
led to the conclusion that depolarization occurred with the production of 
tension and increase in the rate of spike discharge. This conclusion was strongly 
supported by the experiments in which the muscle was subjected to anodal 
and cathodal polarization. The spontaneously active preparation, fixed iso- 
metrically at a moderate tension, could be stimulated by cathodal polarizing 
currents to produce more tension with an increased rate of spike discharge, 
while the reversal of polarity led to a decrease in tension and a reduction in 
spike frequency. Thus tension and spike discharge could be influenced by 
changing the potential in the same way as the membrane potential and spike 
frequency were influenced by alterations of tension. 
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Spikes in 
30 sec 


i 1 i i 
50 —> 100 150-> 200 150 —> 100 —> 50uA 
Fig. 13. Abscissa: strength of cathodal polarizing current. Ordinates: spike frequency 
(broken line) and tension (continuous line). Note similarity to Fig. 4. 
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Fig. 14,’ Relation of strength of polarizing current (abscissae) to spike frequency (broken line) 
and tension (continuous line), ordinates. (a) Control. (b) In the presence of hexamethonium 
4x10-*. (c) Control after washing out. 
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The question whether the contractions produced by stimulant drugs are of 
nervous or of muscular origin has been widely studied. This work has recently 
been summarized by Vaughan Williams (1954). It appears that ganglion- 
blocking concentrations of hexamethonium (Feldberg, 1951) and nerve- 
blocking concentrations of cocaine (Feldberg & Lin, 1949) do not abolish the 
spontaneous activity of the longitudinal muscle of the guinea-pig’s intestine. 
Neither do they abolish the contractions evoked by acetylcholine, histamine 
or increased intestinal pressure. Evans & Schild (1953), who worked with 
ganglion-free circular muscle preparations, found that this muscle showed 
spontaneous rhythmic activity, responded with rhythmic contractions to a 
rise in intralumen pressure, and could be stimulated by acetylcholine. Bozler 
(1939) believed the spike potentials to be of myogenic origin and the present 
work makes this highly probable. Hexamethonium and cocaine do not abolish 
the spontaneous spike discharge, nor do they prevent the changes in their 
frequency produced by chemical or mechanical stimulation or polarization. 
While ganglion-blocking concentrations of hexamethonium had a stimulant 
action and sensitized the muscle to all three forms of stimulation, cocaine 
reduced the muscle responses. The stimulant action seen by Feldberg & Lin 
(1949) was not observed, but the cocaine concentrations used in the present 
work were higher. Excessively high concentrations of procaine abolished the 
response to stretch. This appeared to be an effect on the contractile properties 
as the spikes were not abolished. If these small action potentials were induced 
by acetylcholine liberated from the numerous nerve endings surrounding the 
muscle bundles-they might be abolished by atropine. This is so in very high 
concentrations which raise the membrane potential and which may reduce 
excitability. However, in the presence of atropine concentrations 10 times 
higher than those which abolish the action of acetylcholine, the spontaneous 
spike discharge persists, and the frequency is increased by histamine, by 
stretch and by cathodal polarization. | 

Katz (1950) has recently studied the depolarization of sensory terminals 
and the initiation of impulses in the muscle spindle of the frog. He found that 
the sensory ending was depolarized in proportion to the stretch and that this 
depolarization gave rise to repetitive impulses in the sensory nerve. There was 
a close relationship between the degree of local depolarization of the ending 
and the frequency of impulses in the sensory nerve. Edwards (1954) did the 
reverse experiment. He applied polarizing currents to the terminal portion of 
the sensory axon of a muscle spindle, the muscle length having been adjusted 
to give a certain rate of discharge. He found that the impulse frequency in- 
creased with cathodic polarization and that it was reduced with anodic 
polarization of the ending. The analogy with the results obtained on the taenia 
is striking. But there is an important difference. The depolarization of the 
sensory terminals can be separated from the discharge of impulses. Local 
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anaesthetics abolished the nerve impulses without affecting the local depolariza- 
tion of the terminals. The observations on the smooth muscle cell of the taenia, 
however, indicate that depolarization and spike discharge occur in the muscle 
cells and that conduction takes place in a syncytium and not in nerve fibres. 
The spike potentials are not abolished by nerve-blocking concentrations of 
cocaine or procaine. Very high concentrations of local anaesthetics impair the 
development of tension and at the same time they reduce the extent to nate 
the spike frequency can be altered. 

These results support the assumption that the spikes are myogeiiin in origin. 
The close correlation which exists between membrane potential, spike discharge 
and tension leads to the conclusion that, within the muscle cell itself, the 
properties of a sensory element are combined with the properties of a tension 

producing element. 

It is interesting to note that Adrian & Gelfan (1933) observed rhythmic 
discharge of impulses in skeletal muscle of the frog treated with NaCl solution. 
The frequency ranged from 1 to 80 per sec and the muscle behaved in the same 
way a8 @ sensory nerve ending. When it was stretched while it was still 
quiescent rhythmic activity could be started. Stimulation by pressure caused 
local depolarization and a discharge of impulses. Mines (1908), who recorded 
the rhythmic contractions of the frog’s sartorious immersed in NaCl solution, 
observed that it was more excitable to weak constant current stimulation of 
long duration. During spontaneous rhythmic activity weak galvanic currents 
increased the contractions. All these observations on skeletal muscle were 
made on curarized preparations and the conclusion was reached that the 
rhythmic activity originated in the contractile substance itself. 

Thus, skeletal muscle, when immersed in NaCl solution, exhibits spontaneous 
activity and discharges rhythmic impulses like those from sensory endings. 
This behaviour which is seen in skeletal muscle under artificial conditions may 
be he normal behaviour of smooth muscle. 


SUMMARY 

1. In the isolated smooth muscle preparation of the guinea-pig the tension, 
the membrane potential and the spike discharge have been recorded. 
2. Fluctuations of membrane potential were found to be related to the 
spontaneous rhythm in which periods of depolarization, increased rate of spike 
discharge and greater tension, alternated with periods of repolarization, re- 
duced spike frequency and lower tension. 
3. When the muscle was stretched the changes in membrane potential and 
spike frequency were only indirectly related to the muscle length. They were 
primarily a function of the tension produced in response to the increased 
length. The membrane potential was inversely related to the tension; the rate 
of spike discharge was directly related. 
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4. When the muscle was stimulated by histamine or acetylcholine there 
was a similar correlation between depolarization, increased spike =! 
and increase in tension. 

5. When the membrane potential was changed by apelying external 
polarization the rate of the spike discharge and the tension changed according 
to the polarity and the strength of the stimulus. In a muscle whose length was 
adjusted to produce moderate spontaneous activity cathodal polarization led 
to an increased spike discharge and increased tension, while anodal polariza- 
tion reduced both. 

6. Ganglion-blocking concentrations of hexamethonium, nerve-blocking 
concentrations of cocaine, and atropine concentrations sufficient to block the 
action of acetylcholine did not abolish the spike discharge nor the response to 
stretch. The assumption is discussed that within the smooth muscle cell the 
properties of a sensory organ are combined with those of a contractile 
mechanism. 


I wish to thank Mr O. B. Saxby for his help and advice in the construction of apparatus, and 
Mr D. Groves for his very careful technical assistance. 
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‘REMOVAL OF ACETYLCHOLINE F ROM A LIMITED © 
VOLUME BY DIFFUSION 


By A. G. OGSTON 
From the Department of Biochemistry, University Oxford 


(Received 6 December 1954) _ 


Eccles (1936), in discussing the transmitter process in sympathetic ganglia, 
argued that this process could not depend upon acetylcholine, because its time 
relationships are not affected by inhibitors of cholinesterase. This argument 
applies directly only to the involvement of cholinesterase; it applies to acetyl- 
choline only if it is assumed that cholinesterase must be the agent responsible 
for the decay of the transmitter effect of acetylcholine. This assumption was 
for long not seriously questioned. 

It is possible, however, that the immediate cause of the decay of a trans- 
mitter effect of acetylcholine may be simply its diffusion away from the site 
of its liberation and action. If this hypothesis is to be entertained, it is 
necessary to show that it can occur fast enough. 

This possibility was first suggested to the author by J. St L. Philpot. The calculation was under- 
taken, in 1949, at the instance of Prof. F. C. MacIntosh and was communicated briefly to the 
Physiological Society in July 1952 (but not printed). Eccles (1953) refers to its results, Fatt (1950) 
has given a somewhat similar calculation for the diffusion of acetylcholine in relation to the motor 


end-plate and (1954) refers to the results of a calculation, analogous to the present one, for the 
case of interneuronal transmission. 


To perform such a calculation, it is necessary to choose a simplified model. 
Carslaw & Jaeger (1947) give the equations for the conduction outwards of 
heat which is liberated instantaneously either at a point and is conducted 
outwards with spherical symmetry, or along a line and conducted outwards 
with cylindrical symmetry. These equations are easily transformed to express 
the outward diffusion of a substance, similarly liberated, and integrated to 
express the fraction of substance which remains after time ¢ within a sphere or 
a cylinder, respectively, of stated radius. The resultant equations are: 


Sphere: | 
Q/2, = (1) 
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where Q/Q, is the fraction of material remaining at time ¢ within a sphere of 
radius 4, | z=r/,/(2Dt), 1 is radius from the centre; 

z’=a//(2Dt) and D is the diffusion coefficient. 


Cylinder: Q /Q. (2) 


T Bs | T T 


Fig. 1. Plots of Q/Q, against t. A, cylindrical case, a =2; B, spherical case, a =2 4; C, cylindrica] 
case, a=1,; D, spherical case, a=1 py. The horizontal line shows Q/Q, = 1/e. 


Fig. 1 shows the decay curves calculated for the spherical and cylindrical 
cases. The value of D chosen is 7-6 x 10-* cm?/sec which is that assumed by 
Fatt (1950, 1954). Values of a of 1p and 2p were used, as representing the 
order of size of the end-bulb. The results show that diffusion could cause a 
sufficiently rapid decay, if it is assumed that only acetylcholine within the 
specified spherical or cylindrical volume remains active. The predicted decay 
constants are of the order of magnitude found by Eccles (1943) for the quick 
phase in the stellate ganglion of the cat. 
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THE GROWTH OF COLLAGEN IN THE FOETUS, PLACENTA 
AND FOETAL MEMBRANES OF THE RAT 


By MARGARET L. R. HARKNESS anp R. D. HARKNESS 
From the Department of Physiology, University College London 


(Received 26 April 1954) 


A number of quantitative studies have been made of the growth of collagen 
after birth in various mammalian organs (Lowry, Hastings, McCay & Brown, 
1946; Elster & Lowry, 1950), and in adult organs subjected to stimuli to 
growth (Abercrombie & Johnson, 1946, 1947; Harkness, 1952; Harkness & 
Harkness, 19546). No similar studies appear to have been made on the pro- 
ducts of gestation, though they have been made on the chick embryo (Neuman, 
1950). We have now made quantitative observations on the collagen content of 
the placenta, membranes and foetus of the rat during pregnancy. In all cases 
collagen content increased more rapidly than wet or dry weight. In the course 
of this work we also studied the quantity of amniotic fluid present at different 


times of pregnancy. 
| METHODS 


Albino rats of the local strain were used. Pregnancy was timed to + 1 day by the method previously 
used (Harkness & Harkness, 19545). Collagen was estimated by the method of Neuman & Logan 
(1950) with minor modifications (Harkness & Harkness, 19542). Dry weight of tissues was measured 
after drying over phosphorus pentoxide in vacuo. Total nitrogen was measured by the Kjeldahl 
procedure; digestion was done by the method of Chibnall, Rees & Williams (1943) and the 
ammonia was estimated after distillation into boric acid containing bromcresol green-methyl red 
indicator (Conway, 1947). The placenta and foetuses were homogenized in a small blendor of the 

_ Waring type. This did not break up all the individual bones of the older foetuses but we found 
that this did not appreciably affect the estimation. For both foetuses and placentas, judged by the 
hydroxyproline content of the residuum, the amount of collagen left after the usual aliquot was 
removed for analysis after autoclaving (Harkness & Harkness, 1954) corresponded to the amount 
expected from the size of the aliquot, i.e. if any collagen in the bones remained undissolved after 
autoclaving the amount was too small to affect the results appreciably. Tyrosine estimations were 
made by the method of Medes (1932) on a number of samples and the quantity was small enough 
to be neglected, The hydroxyproline values have been accepted without correction for tyrosine. 

The animals were killed by a blow on the head and breaking the neck. The whole uterus was 
removed and weighed. The horns were opened and the foetuses removed with their placentas and 
membranes enclosing the amniotic fluid intact. The foetuses were then separated from the 
placentas, umbilical cords and membranes. These structures, together with the foetuses and empty 
uterus, were weighed and the weight of amniotic fluid was obtained by difference from the original 
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total. As much amniotic fluid as possible was removed from the foetuses, placenta, ete., by draining 
and suction, before they were weighed; it is impossible to remove all fluid and some error must 
arise from this cause. Collagen analyses were carried out on all the foetuses and placentas for the 
earlier stages of pregnancy, but on a sample only for the later stages (20-22 days) when the size of 
the structures made it inconvenient to analyse all that were present in the uterus. 


15} 


¢ (mg) = —16-14 + 134 logy t (days) 


10 


3 0 
‘0 
3 
-15 
| 
Logie w (g)—11-37 +941 logye t (days) 
4-15 
13 15 17 19 
Days of pregnancy (log scale) : 
Fig. 1. Wet weight (© logy, g) and collagen content (@ log,, mg) of a single foetus 
at different times of pregnancy. 
RESULTS 


Collagen content of the foetus. The relations of foetal weight and collagen con- 


tent to duration of pregnancy are given in Fig. 1. The scales of both the — 


ordinate and abscissa are logarithmic. Logarithmic scales have been used 
partly because the range of foetal weight is inconveniently great and partly 
because they reduce the relations of the other two variables to time to approxi- 
mately linear form. Both the collagen and weight figures, as related to gesta- 
tion time, can be expressed by straight regression lines; the lines drawn were 
fitted by the method of least squares, and the equations which they represent 
are given on the figure. Our figures for foetal weight are closely similar to those 
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of Gonzélez (1932) and generally near to those quoted by Donaldson (1915), 
which, however, are a little lower at 17 days. It will be seen that the data 
latest in pregnancy are plotted at 214 days not 22 days. Though this change is 
not very important, we think it desirable to make it, and to point out the 
reason for it. The change has been made because the method of determining 
the average duration of pregnancy to + 1 day, from the time during which the 
males had access to the females, gives a biased result for the last day of preg- 
nancy. The method assumes an equal chance of impregnation for all times 
when the males and females were together. On the last average day of preg- 
nancy the earlier impregnated rats will have gone beyond the end of pregnancy 
and littered down, so that one can sample from only the remaining part of the 
22nd day population. In order to make an approximate allowance for this, 
‘22’ day animals have been regarded as 214 day animals. 


TaBLE 1. Concentration of collagen in foetuses at different times of pregnancy 


Duration of pregnancy (days) ... 13-15 16-17 20-22 
Mean duration (days) 13-7 +0-2 16-7 40-2 21-:140-2 
No. of rate 7 
Mother’s wt. at start of pregnancy (g) 180+8 7+8 172+ 

No. of foetuses per pregnancy 10-0+0-8 8-6+1-0 9-6+0-6 
Fresh wt. (g/foetus) 0-087+0-017 0-602+40-115 3-92 +0-27 
Collagen concentration (g/100 g) 0-07040-012  0-12340-026  0-41540-022 


The estimate of variation is the standard error of the mean. 


It is clear from Fig. 1 that collagen content of the foetus rises more rapidly 
than does its body weight. This effect is expressed differently in Table 1 in 
which the percentage of collagen in the foetus at different times during preg- 
nancy is given, There is approximately a sixfold increase in the collagen con- 
centration in the foetus between the thirteenth and twenty-first days of 
pregnancy. The number of foetuses per pregnancy is included in this table, as 
it is known that large variations in the number of foetuses may affect the 
weight of the individual foetus, particularly towards the end of pregnancy 
(Gonzélez, 1932). It will be seen that there is in fact no great variation in the 
mean number of foetuses per pregnancy in the different groups. : 

For the purpose of comparing our results for collagen with those in the 
literature for the growth of other foetal constituents, it is desirable to use a 
simple expression for comparing variables. It is commonly found that the 
relative rates of growth of different structures or chemical constituents of a 

growing organism can be expressed by the equation, 
(1) 
where # and y are measurements of two different properties (see Huxley, 1932; 
Needham, 1942; Brody, 1945). It can be seen that if this formula is obeyed a 
plot of log 2 against log y should give a straight line of slope 6. In Fig. 2, 
logy» collagen content (mg) of a single foetus has been plotted against log,, wet 
15-2 
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weight of foetus (g). The data are adequately described by a straight line as 
one would obviously expect from the results given in Fig..1. The scatter about 
the line is less than in Fig. 1, presumably because the error in estimation of 
time of pregnancy is removed. This error will probably be greater than the 
+1 day inherent in the method of timing. The variability of developmental 


abe 
| logis ¢ (mg)=0273 +1:45 logis w (g) 
i 
7 
E oF 
c 
—20 00 10 
: logio weight (g) of a single foetus 
Fig. 2. Relation between collagen content (log, mg) and wet weight (logie 8) 


of a single foetus. — 


stage in mice,even ae an accurately known timeof pregnancy, has been pointed 
out by Griineberg (1952). A regression line fitted to our data by the method of 
least squares gave the relation 


(mg) = 1-88w 


where c is the collagen content and.w the weight of a single foetus and 0-07 the 
standard deviation of the power constant. 

Collagen content of the placenta, membranes, and umbilical cord. At first, 
placenta, umbilical cord and membranes were examined together. The results 
are shown in Fig. 3 in which the combined weight of these organs and quantity 
of collagen present are independently plotted against time. As in the previous 
figures logarithmic scales are used. Collagen content again rises more rapidly 
than weight, the percentage collagen (Table 2) increasing by rather more than 
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13 15 17 ae 21 

3 Days of pregnancy (log scale) . 
Fig. 3. Collagen (@ log,, mg) and wet weight (© log,, mg) of placenta, membranes 
and umbilical cord at different times of pregnancy. 


TaBLE 2, Concentration of collagen in combined placenta, umbilical cord and membranes at 


different times of pregnancy 
Duration of pregnancy (days) ... 13-14 15-17 20 
Mean duration (days) 13-6 +0-2 16-3403 
No, of rats 10 9 5 7 6 
Mother’s ver start of 188+ 10 187+ 12 179+11 187+11 173412 
d 
No, of foetuses per 9-8+0-8 9-340-9 9-0+1-3 10-4+0-7 10-2408 


pregnanc 

Fresh (g of placenta ete.) 0-137£0-015 0-35240-088 0-66040-043 0-75340-012 0-758:40-026 
Collagen concentration (g/100.g)  0-119.0-012 0-18340-027 0-32840-045 0-26610-036 0-274+.0-033 
| The estimate of variation is the standard error of the mean. 
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100% over the period for which data are given. The relations of weight and 
collagen content, particularly of the latter, to time are obviously not well 
described by straight lines, the rate of increase diminishing as pregnancy pro- 
gresses in both cases. However, straight lines fit approximately up to the 
twentieth day. The equations for these lines were calculated for oo 
with the foetal data and were 


-log,o2(mg) — 2-84 + 4:37( + 0-12) logyot(days), 
log,o¢(mg) = — 9-15 + 7-30( + 0-23) log, of(days). 
The constant 6 (eqn. 1) for the relation of collagen content to weight was 
1-63 + 0-12 compared to 1-45 for foetal collagen and weight. 
In a smaller number of cases the placenta was analysed separately from the 
umbilical cord and membranes. The results are shown in Table 3. The umbilical 
cord was large enough in the older foetuses to be analysed separately from the 


membranes. The results (Table 4) show that the cord forms only a small part 


(about 15%) of the combined cord and membranes, and is similar in composi- 
tion to the membranes. From Table 8 it is clear that: (a) the high constant 6 
for collagen of the placenta, cord, and membranes together is due partly to the 
differentially high growth rate of the more collagenous components, cord and 
membranes, as a whole, and partly to an increase in the collagen concentration 
of the separate components; (6) the change in collagen content is not simply a 
reflexion of diminishing water content: the percentage dry matter in the 
placenta was constant over the period of pregnancy examined, and actually 
fell in the cord and membranes; (c) the change in collagen content does not 
parallel that of total protein which, judged by the nitrogen figures, is approxi- 
mately the same as that of dry matter. 

_ Weight of amniotic fluid. The change in the weight of amniotic fluid with 
time is plotted in Fig. 4. The main point of interest is the considerable drop in 
the weight in the last 3 days of pregnancy. 


DISCUSSION 

In the present work collagen contents have been estimated from hydroxypro- 
line values. It is assumed that no substance containing hydroxyproline, other 
than gelatin derived from collagen, is present in the final extract from which 
the acid hydrolysate for estimation of hydroxyproline is prepared. While there 
is good evidence for this assumption in adult tissues, and it seems improbable 
that the state of affairs is fundamentally different in the tissues we have 
examined, it is necessary to admit the possibility that material other than 
collagen containing hydroxyproline is included in our estimations. Thus the 
term collagen is used on the assumption that no other material containing 
hydroxyproline is present, and that the percentage of hydroxyproline i in the 
collagen i is the same as in adult tissues. 
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TaBiE 3. Composition of placenta, membranes and umbilical cord 
Placenta and cord 
Duration 
of Wet dry. Wet Wet N in dry 


Rat wt. Collagen Collagen 
(days) (g) g) (g/100 g g) (g/100 g g) te) total® (g/100 g) (g/100 g g) (g/100 g g) 


no. 
1 4 0135 0078 163 00245 13-3 10-9 
2 14 O17] 0-008 15-4 115 00830 15 0-382 13-6 10-8 
$ 1 0237 0-065 155 «004816 (0-405 12-6 10-7 
4 16 0330 0-096 16-4 10-7 0081 20 0-665 14-6 11-2 
0440 156 103 0-195 31 0-683 11-6 11-5 
0-395 0-205 162 104 0308 44 0611 9-1 11:8 
0-157 155 123 O817 42 0-697 8-7 11-7 
O512 153 120 0-328 39 0-505 10-6 11-9 
\ Constant bt — 1624019 1014002 — — 12040-07 0864004 — 


* Total weight of placenta, membranes and cord. 
t In equation z=aw?, where z is total quantity of material and w is wet weight 


TABLE 4. Analysis of umbilical cord and membranes separately 


Membranes Cord 
Duration A A 
en ma Collagen Dry Dry matter matter 
linet (g/100 g) (g/100 g) (3/100 g: (g/ (g/100 g) (g/100g) (g/100g) 
6 0-59 9-6 11-9 0-048 0-73 6-8 10-8 
7 0-63 8-4 11-7 0-050 0-70 6-8 11-5 
8 21k 0-260 0-44 11-1 12-0 0-049 0-91 78 10-5 
14- 


~ 
' 


We. (g) of amniotic fluid per foetus 
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Days of pregnancy 
Fig. 4. Relation of quantity of amniotic fluid to time of pregnancy. 
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The concentrations of collagen found in the tissues examined are, as might 
be expected, generally lower than in adult tissues. By comparison adult tendon 
and skin contain about 30%, of collagen, skeletal and cardiac muscle 1-1-5%, 
and the softer tissues such as liver and kidney about 0-2-0-5% (see Lowry, 
Gilligan & Katersky, 1941). What is more surprising perhaps is that the 
apparently very fragile early foetal tissues contain so much collagen. Our 
mean value for adult rat liver by this method was 0-17% (Harkness & 
Harkness, 1954a), whereas the mean for regenerating rat liver 3 weeks after 
partial hepatectomy was about 0°1%, hardly higher than for the youngest 
foetuses (0-07). It would seem to follow that, in the adult tissue, either the 
collagen is stronger or is arranged in such a way that the whole structure is 
stronger, or alternatively, additional important structural elements are present 
in the adult tissue which are not present in the foetal tissue. 

Hardly any suitable data are available on other foetal and placental con- 
stituents for comparison with our figures for collagen. It appears, however, 
that the increase in collagen content of the foetus is not simply a reflexion of a 
diminution in water content. Gonzélez (1932) gives figures for rat foetuses 
from which the constant b (eqn. 1) can be calculated for total dry weight against 
wet weight. The resulting figure i is 1-12, very much below the figure for col- 
lagen. The detailed and convincing figures of Hamilton & Dewar (1938) gave 
the same result. No suitable figures for total protein appear to be available for 
comparison. Those of Wilkerson & Gortner (1932) for the pig embryo show no 
very consistent and simple change in total nitrogen in the embryo, but give a 
constant 6 of the order 1-0-1-1. 

The results of Neuman’s (1950) investigation of the hydroxyproline content 
of the chick embryo are similar to ours. He gives figures for the hydroxy- 
_ proline content and dry weight of the embryo, and a graph relating the 
logarithms of these two measurements, in his experiments, is slightly curved. 
The constant 6 (eqn. 1) for the slope of the curve for hydroxyproline content 
against dry weight varies from about 2 for the earlier embryos to about 1-25 
for the later. The figures for hydroxyproline content against wet weight 
would be correspondingly higher, as b for dry weight against wet weight is about 
1-4 (Needham, 1942). The only relevant mammalian foetal constituent which 
has a comparably high constant 6 is calcium (Needham, 1942). This indicates 
that the increase in collagen we have described may be associated to some 
extent with the development of bone. 

We have been unable to find values either for dry weight or total protein, 
or nitrogen of the rat’s placenta. Though it is difficult to see the connexion, 
the amine oxidase content of the placenta appears to parallel the collagen 
content. The constant b for the relation of amine oxidase content to wet weight 
of rat’s placenta, derived from the results of Thompson & Tickner (1949), is 
about 1-6, 
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The changes in the volume of amniotic fluid which we have recorded are 
similar to those recorded for other mammals, e.g. rabbit (see Huggett & 
Hammond, 1952). 

SUMMARY | 

1. Changes in the collagen content of the foetus, placenta, umbilical cord 
and foetal membranes of the rat during pregnancy have been investigated. 

2. There was relatively a more rapid increase in the collagen content of the 
foetus than in its body weight. The relation between the two can be represented 


e(mg) = aw(g)? 
where c is the collagen content, w the body weight. The value of the constant b 

3. The collagen content of the placenta, umbilical cord and foetal mem- 
branes bulked together also increased more rapidly than did their combined 
weight. Further investigation showed that this was due partly to a differen- 
tially high rate of growth of the more collagenous cord and membranes and 
partly to increasing collagen concentration in the separate components. The 
value of the constant 5 for the relation of collagen content to weight was 
approximately 1-6 for the placenta and 1-2 for the cord and membranes. 


4. Change in the collagen concentration of the placenta, umbilical cord and 


foetal membranes did not run parallel with total solid or nitrogen concentra- 
tions which were approximately constant over the period studied. , 

5. Values for the volume of amniotic fluid are given; there was a drop in its 
volume in the last 2 days of pregnancy. 


We wish to thank the Nuffield Foundation for a grant without which this work could not have 
been done, and Miss Shirley M. Fitch for technical assistance. 
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CAUSE OF THE VASODILATATION ACCOMPANYING 
ACTIVITY IN THE SUBMANDIBULAR SALIVARY 


8. M. HILTON G. P. LEWIS* 
From the National | Institute for Medical Research, Mill Hill, London, N. W. 7 


(Receined 27 September 1954) 


- Claude Bernard (1868) showed that stimulation of the chorda tympani led to 


vasodilatation in the submandibular salivary gland, and Heidenhain (1872) 
found that this effect was not abolished by doses of atropine that prevented 
salivary secretion. On the basis of these observations, a special set of vaso- 
dilator nerve fibres in the chorda was postulated which was supposed to be 
stimulated concomitantly with the secretory fibres when the gland was 
activated. i 

When the humoral theory of neuro-effector transmission had been estab- 


_ lished, it became difficult to account for the failure of atropine to block the 


vasodilatation; for the secretory nerve fibres which were blocked were 
certainly cholinergic and the vasodilator nerve fibres had been thought to be 
in the same category. Dale & Gaddum (1930) attempted to account for this 
discrepancy by supposing that the acetylcholine was released from vasodilator 
herve endings in such great ‘intimacy with the receptor mechanism that 
atropine cannot prevent its access thereto’. 

Barcroft (1914) had, on the other hand, discarded the notion of special 
vasodilator nerve fibres and had shown that the metabolic activity of the 
atropinized salivary gland was still increased when the chorda was stimu- 
lated, even though no secretion was obtained. He thus accounted for the 


vasodilatation as the outcome of metabolic activity in the gland, much the 


same as had already been suggested for the origin of the vasodilatation in 
active muscle. Gaskell (1916), who accepted this explanation, quoted some 
experiments by Severini (1878) who had found histological changes in the 
secretory cells after chorda stimulation of the atropinized gland. 

In addition to these two possible explanations of the origin of the vasodilata- 
tion in the active gland, it could be suggested that there are vasodilator fibres 
in the chorda tympani whose postganglionic connexions are non-cholinergic ; 
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but there is as yet no positive evidence for this suggestion. The following 
experiments were carried out in the attempt to obtain evidence that might 
distinguish between these three possibilities, and determine what is the 
mechanism responsible for the vasodilatation in the salivary gland on stimula- 
tion of the chorda tympani. 


METHODS 
The experiments were performed on cats under chloralose (80 mg/kg) or pentobarbitone (40 mg/kg) 
anaesthesia, The submandibular gland, its duct, and nerve supply were exposed according to the 
procedure outlined by Liddell & Sherrington (1929). The duct was cannulated with a glass cannula 
and, in some experiments, was connected by polythene tubing through a glass T-piece to a drop- 
tube. To the side arm of the T-piece was attached a 20 ml. syringe full of 0-9% NaCl solution 
(saline), so that when necessary the saliva could be washed out of all but the cannula and the short 
section of tubing from the cannula to the T-piece. The drops of saline making contact between two 
electrodes operated a Thorpe impulse counter, so giving a profileof the rate and amount of secretion. 

All branches of the chordo-lingual nerve apart from the chorda tympani itself were cut. The 
main nerve was then cut and a fluid electrode attached to its distal end for stimulation. The 
indifferent electrode was placed in the rectum. The stimuli used were square waves of 0-5 msec 
duration at 10/sec; the voltage was that required for a maximal stimulus (5-7-5 V). 

For intra-arterial injections the lingual artery was cannulated, all other branches of the carotid 
being tied apart from that to the submandibular gland. The carotid itself was tied beyond the 
submandibular branch. The lingual artery was also used when the gland was to be intermittently 
perfused, a bulldog clip being placed temporarily on the carotid central to the origin of the 
lingual branch during the period of perfusion. It was therefore easy to alternate, cine oncom 
between natural circulation and perfusion. 

The external jugular vein was carefully prepared, all branches being tied except that from the 
submandibular gland. To measure the venous outflow from the gland, the external jugular vein 
was cannulated with two lengths of polythene tubing, one to collect from the gland, the other to 
deliver back into the animal. The blood was passed in a closed circuit through a drop-chamber, 
the fall of drops being registered photo-electrically. The details of this apparatus have been de- 
scribed (Hilton & Lywood, 1954). Drop formation was registered either with a Gaddum drop-timer 
or a Thorpe impulse counter. 

One femoral vein was cannulated for intravenous injections, and the femoral artery of the other 
leg for the blood pressure record. Heparin (10 mg/kg) was given before any vessels were opened. 

The fluid used for perfusions was oxygenated Locke’s solution. 

_In order to study the effects of botulinum toxin on the salivary gland, 25,000 mouse LD,y’s/kg 
of type A toxin were injected in divided doses into the submandibular and sublingual salivary 
glands in both acute and chronic experiments. In the latter, these injections were made aseptically 
under pentobarbitone anaesthesia 2-3 days before the actual experiment. 

When testing fluids for the presence of histamine, isolated segments of guinea-pig ileum were 
mounted in a 15 ml, organ-bath containing magnesium-free Tyrode solution oxygenated with 
5% CO, in O, and maintained at 35° C. 


RESULTS | 

The pronounced vasodilatation that is seen in the submandibular salivary 
gland following chorda stimulation, and its reduction by atropine (Henderson 
& Loewi, 1905), are shown in Fig. 1. With these relatively short periods of 
stimulation (10-20 sec), the hyperaemia, which begins about 5 sec after 
stimulation has commenced, quickly reaches a maximum, which is well main- 
tained. When stimulation ceases, the rate of flow falls off more gradually and 


it ha 
tion. 
‘atro 
atroj 


> 
& 
14 
3 
ia 
wn 
> 
Fi 
ig. 
¢ 
ig 
4 
3 exp 
tox 
x 


VASODILATATION IN THE SALIVARY GLAND 237 


it has almost returned to normal 1 min after the commencement of stimula- 
tion. The vasodilatation that occurs in the gland is often referred to as being 


‘atropine-resistant’, but it is in fact only relatively so. As seen in Fig. 1, 


atropine has a significant effect on the vascular response to chorda stimulation. 


Atropine, 1 mg/kg 


Venous outflow, drops/min 


Saliva drops 


Fig. 1, Cat, 2-3 kg. Records of venous outflow from submandibular salivary gland (Gaddum 
drop-timer), of secretion of saliva and arterial blood pressure. At signals, stimulation of 
chordo-lingual nerve for 15 sec. Atropine sulphate 1 mg/kg injected intravenously between 
(a) and (6). 

Effect of botulinum toxin 
Botulinum toxin, injected into the submandibular salivary gland, regularly 
paralysed the preganglionic fibres of the parasympathetic innervation before 
the postganglionic fibres; as this paralysis developed, the vasodilator effect 
disappeared together with the failure of secretion. Fig. 2 is taken from an acute 
experiment. The first group of records (A) was taken 3 hr after the injection of 
toxin. There was paralysis of secretion and only a minute vascular response 


to stimulation of the chordo-lingual nerve at this time; stimulation of the 


hilus of the gland, whereby the postganglionic fibres are excited, produced the 
usual parasympathetic effect; the cervical sympathetic innervation was 
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unimpaired, stimulation leading to secretion of saliva and vasoconstriction 
followed: by prolonged vasodilatation. A further dose of toxin was then 
injected. Two hours later (B), the effect of hilus stimulation was weakening, 
the vasodilator response being reduced and two periods of stimulation being 
required to produce a single drop of saliva. After a further hour (C), neither 
chorda nor hilus stimulation produced any secretion or effect on the blood 
flow, while sympathetic stimulation still gave its typical secretory and complex 
vascular response; both these effects, however, were by this time somewhat 


Fig. 2. Cat, 2-0 kg. Records of venous outflow from submandibular salivary gland, of secretion of 
saliva and arterial blood pressure. Botulinum toxin injected into the gland 3 hr before A, and 
again, shortly after A, 2 hr before B. One hour interval between B and C. Effect of stimula- 
tion of chordo-lingual nerve (Ch.) and hilus of the gland (H.) for 10 sec, and of cervical 
sympathetic (c.s.) for 20 sec. Intravenous injection of 0-5 mg pilocarpine nitrate (P.) and of 

_1 mg atropine sulphate (At.). 


reduced. Even now the gland can still give a powerful response to drugs. An 
intravenous injection of pilocarpine, for instance (D), produced a large and 
prolonged secretory and vasodilator effect which was terminated by an injec- 
tion of atropine. 

These results show that botulinum toxin, injected in sufficiently large doses, 
abolishes simultaneously the secretory and vascular responses to chorda and 
hilus stimulation. If it is accepted that this toxin selectively inactivates 
cholinergic nerve fibres, this finding excludes the possibility that non-choli- 
nergic fibres in the chorda tympani mediate the vascular response. 
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Indiret evidence for a able substance produced inthe 

actwated salivary gland 

“Effect of arterval occlusion. The technique of circulatory arrest was employed 

by Lewis & Marvin (1927) in order to determine whether antidromic vaso- 

dilatation could be delayed in its appearance and, hence, whether it was due 

to the release of a stable vasodilator substance. This procedure has been 

adopted for the study of the vasodilatation produced by chorda stimulation 
and arterial injection of acetylcholine. 


Venous 
drops/min 


Saliva 
_, drops 
S on 


Fig. 3. Cat, 3-6 kg. Records of venous outflow from submandibular salivary gland, of secretion 
of saliva and arterial blood pressure. Effect of stimulation of the chordo-lingual nerve for 
15 sec (a), of arterial occlusion for 1 min (b) and of chorda stimulation for the first 15 sec of 
1 min arterial occlusion (c). 


Fig. 3 shows that the vasodilatation resulting from chorda stimulation can 
be delayed. In this experiment circulatory arrest was obtained by occluding 
both the artery and the vein in order to minimize the reactive hyperaemia. 
The time course and extent of the hyperaemia following 15 sec stimulation of 
the chorda are seen at (a); at (b) is seen the small reactive hyperaemia'following 
a 1 min period of circulatory arrest. If the chorda is stimulated during the 
first 15 sec of the same period of circulatory arrest, the hyperaemia, on re- 
establishing the circulation (c), is at least as large as that seen after chorda 
stimulation in the ordi way. 

This result could hardly be explained if the vasodilatation in the gland 
were @ direct effect of acetylcholine released by chorda stimulation, but it 
would be in agreement with the view that acetylcholine is released to act on 
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the gland cells which, when activated, produce in their turn a stable vaso- 
dilator substance. According to this hypothesis, the vasodilatation produced 
when the gland is activated by an arterial injection of acetylcholine should 
also be delayed by circulatory arrest, whereas it should not be possible to 
obtain delayed vasodilatation following an injection of acetylcholine into a 
skeletal muscle. This was, in fact, found to be the case. 


Fig. 4. Cat, 2-3 kg. Records of venous outflow from submandibular salivary gland, of secretion 
of saliva and arterial blood pressure. Effect of arterial injection of lug acetylcholine (a) and of 
arterial injection of lug acetylcholine followed 5 sec later by 1 min arterial occlusion (5). 


_ Control experiments were first performed in order to make certain that 
acetylcholine, injected arterially into the salivary gland in lyg doses, acts 
directly on the gland cells. This avoids the difficulty in interpretation which 
would arise if such injections of acetylcholine were stimulating ganglion cells 
or nerve endings in the gland. For the purpose of this test, hexamethonium 
bromide was injected arterially into the gland in doses of 1-10 mg. These doses 
were all effective in blocking chorda stimulation, the duration of the block 
depending on the dose, while in every case the action of injected acetylcholine 
Temained unimpaired. 

The differences of effect of circulatory arrest on the acetylcholine vasodilata- 
tion in the salivary gland and gastrocnemius muscle are shown in Figs. 4 and 5. 
In these experiments, care was taken to ensure that little, if any, of the injected 
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material was retained in the organ by the arrest of the circulation. The vaso- 
dilatation produced by injection of lug acetylcholine into the gland is seen in 
_ Fig. 4a. At (6) a similar injection was followed 5 sec later by a 1 min period of 
arterial occlusion. At the time of application of the clamp, the blood flow | 
through the gland was already increasing and secretion had commenced. The 
vein was left open so that blood could still drain from the gland. The amount of 


Venous outflow, drops/min 


(a) 
Fig. 5. Cat, 3-1 kg. Records of venous outflow from gastrocnemius muscle and of arterial blood 
pressure. Effect of arterial occlusion for 1 min (a), arterial injection of lug acetylcholine (5), 
and arterial injection of lug acetylcholine followed 5 sec later by 1 min arterial occlusion (c). 


acetylcholine that reached the general circulation, as judged by the fall in 
blood pressure, was no different from that seen at (a), yet when the clamp was 
removed the vasodilatation that developed was even greater. In the cat’s gas- 
trocnemius muscle, the result of the corresponding experiment was different. 
Here, an arterial injection of 1g acetylcholine produces a greater vasodilator 
response than it does in the salivary gland (Fig. 56), yet when the injection is 
followed 5 sec later by arterial occlusion, maintained for a minute, the vaso- 
dilatation that develops when the clamp is removed (Fig. 5c) is hardly more 
than that seen at (b) at the corresponding time after the injection. 

Effect of venous occlusion. If circulatory arrest is obtained by occlusion, not 
of the artery but of the venous outflow, stimulation of the chordo-lingual nerve 
for the first 15 sec.of a 1 min period of such circulatory arrest is not followed 
by a delayed hyperaemia, i.e. there is no evidence that vasodilator material 
has _ retained in the gland. This is shown in Expt. A of Fig. 6. Removal 
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of the venous clamp was not followed by any greater hyperaemia than that 
which follows this period of venous occlusion without chorda stimulation. If 
the period of venous occlusion is progressively reduced, the extent of the 


dilatation that is revealed on re-establishing the circulation is always identical — 


to that ordinarily present at the corresponding time after stimulation without 


occlusion, Thus, venous occlusion does not alter the rate of elimination of the | 


vasodilator material resulting from chorda stimulation. 


(a) (6) (c) 


Fig. 6. Records of venous outflow from submandibular salivary gland (Thorpe impulse counter) 
and of arterial blood pressure. Effect of stimulation of chordo-lingual nerve for 20 sec (a), 
chorda stimulation for first 20 sec of 1 min venous occlusion (6), and 1 min venous occlusion 

_ alone (c). Cat A, 2-5 kg: usual preparation. Cat B, 3-5 kg: isolated salivary gland. 


This difference in the effect of venous and arterial occlusion suggests that 
the vasodilator material iscarried away mainly in the lymph: arterial occlusion, 
which prevents lymph formation, would retain the material in the gland, but 
venous occlusion which, if anything, increases lymph flow, would fail to do so. 
As a test of this explanation, the lymph drainage from the gland was abolished 
by carefully separating it from the surrounding tissue. After this additional 
preparation, some vasodilator material could be retained in the gland by occlu- 
sion of the venous outflow in nearly every experiment, and in half the experi- 
ments vasodilator material was fully retained. Such an experiment is illus- 


trated in Fig. 6B; the vasodilatation on re-establishing the circulation is as 
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great as that obtained in the experiments with arterial occlusion. Venous 
occlusion alone is still as ineffective a cause of hyperaemia as it is in the gland 
with its lymph drainage undisturbed. - 


chorda stimulation 

‘For these experiments preparations were again used in which the lymph 
drainage was abolished by careful separation of the gland from the surrounding 
tissue. It was hoped that this might provide the conditions under which the 
vasodilator material would diffuse into the blood vessels and be found in the 
venous effluent from the gland. This hope was not fulfilled under conditions of 
natural circulation, but was when the gland was perfused with Locke’s solution. 

Natural circulation. Samples of venous blood from the gland, collected 
under conditions of natural circulation, were re-injected arterially into the 
gland. Usually, they caused a small vasodilator response, and there was no 
difference between the effect of venous blood collected from the resting gland 
and of blood collected from the gland during chorda stimulation: only in a few 
experiments was the blood collected during, or immediately after, stimulation 
more active than ‘resting’ blood. This vasodilator effect appeared to be due to 
histamine. It was abolished by mepyramine, and semnptes exerting such vaso- 
dilator action also caused contraction of the guinea-pig’s ileum, which again 
was abolished by mepyramine. 
_ This histamine was apparently unrelated to the vasodilatation produced by 
chorda stimulation, which is resistant to mepyramine. Further, in some of the 
experiments in which a large amount of vasodilator material could be retained 
in the activated gland by venous occlusion, no histamine-like activity could be 
detected in the venous blood. 
It is even unlikely that this histamine originates in the salivary gland, for 
this organ can deal effectively with histamine added to the blood supplying it. 
An arterial injection into the gland of 1g histamine, for example, caused a 
hyperaemic response greater than that resulting from maximal stimulation of 
the chorda for 1 min. Nevertheless, the blood collected from the gland during 
the 4 min following the injection (about 4 ml.) possessed no histamine-like 
activity when tested on the guinea-pig ileum. By contrast, if lug histamine 
was added to 4 ml. of blood in vitro, when assayed 5 min later it was found to 
contain almost lyg histamine. In view of the remarkable capacity of the 
salivary gland to eliminate histamine, in some experiments the gland was 
perfused for 10 min with Locke’s solution containing the inhibitor of hista- 
minase, semicarbazide 1:105, When the circulation was re-established, the 
hyperaemia resulting from chorda stimulation was not increased, nor was any 
histamine detected in the venous blood. 

Perfusion with Locke’s solution. When the salivary gland is sca a 
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oxygenated Locke’s solution, the secretory effect of chorda stimulation begins 


to fail after 30-40 min. For this reason the gland was perfused for periods of 


5-10 min only, natural circulation being restored meanwhile. These short 
periods of perfusion were repeated several times in the same experiment. 
After 2-3 min of perfusion, the perfusate contained only little blood. The chorda 
was then stimulated for 1 min while the perfusate was collected. On re-injec- 
tion into the gland after its normal blood supply had been re-established, the 
perfusate produced a pronounced vasodilatation. Perfusate collected from the 
‘resting’ gland produced only a small hyperaemia: a similar effect is produced 


Fig. 7. Cat, 3-5 kg. Records of venous outflow from isolated submandibular salivary gland 


(Thorpe impulse counter) and of arterial blood pressure. Effect of stimulation of chordo- 
lingual nerve for 20 sec (a), and of arterial injections of 1 ml. perfusate collected previously 
from the gland during 15 sec chorda stimulation (6) and of 1 ml. perfusate collected from the 
gland at rest (c). 


by the same volume of fresh Locke’s solution and is attributed to dilution of 
the blood. These results are illustrated in Fig. 7, in which the vascular effects 
are compared of chorda stimulation for 20 sec (a), of an arterial injection of 
1 ml. of perfusate collected over 15 sec of a period of stimulation (b), and the 
diluting effect of the same volume of perfusate collected from the resting 
gland (c). The injections of perfusate were made slowly over a period of 45 sec, 
so as to minimize the diluting effect. The vasodilator activity of perfusate 
collected during chorda stimulation could not have been due to acetylcholine 
or histamine. It was not antagonized by atropine or mepyramine in doses 
which annul the response to acetylcholine and histamine respectively. The 
perfusate remained active when kept at room temperature for several hours, 
and, when tested on the guinea-pig ileum preparation, it usually had no effect. 

Occasionally small histamine-like contractions were seen, but there was no 
relationship between the vasodilatation produced by the sample of perfusate 
and its negligible histamine content. 
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_ DISCUSSION 


When Claude Bernard (1858) carried out his original experiments on the effects 
of chorda stimulation on the salivary glands, he suggested that the secretion of 
saliva, the increase of blood flow, and the increased heat production of the 
gland are each produced by a special set of nerve fibres. The possible existence 
of calorigenic fibres is no longer seriously considered. In the absence of a satis- 
factory explanation of the origin of the hyperaemia, however, the possibility 
of vasodilator fibres has continued to attract support. | 

On the other hand, Barcroft was able to bring forward evidence in favour of 
the view that the vasodilatation in the active gland is the result of metabolic 
products. He showed (Barcroft & Piper, 1912; Barcroft, 1914) that, after an 
intravenous injection of adrenaline, the vasodilatation which succeeds the 
transient vasoconstriction follows the same time course as does the curve of 
_ increased oxygen uptake by the gland, Saliva is also being secreted during this 
time. Ergotoxine abolished both the secretory and vasomotor effects of adrena- 
line. Further, when the blood was washed out of the gland with cold saline 
which was then kept in the gland for a couple of hours before the circulation of 
blood was re-established, a subsequent arterial injection of 5ug adrenaline no 
longer caused secretion of saliva and led to a pure vasoconstriction, 

There is thus a close association of metabolic activity and vasodilatation 
when the gland is stimulated by adrenaline. Barcroft showed that this associa- 
tion is also obtained when the gland is activated by stimulation of the chorda. 
The fact that atropine abolishes the secretory effect of chorda stimulation, but - 
not the vasodilatation, had presented an apparent obstacle to the acceptance 
of this view, but Barcroft was able to demonstrate subsequently (1914) that 
even in the atropinized gland chorda stimulation increases the oxygen con- 
sumption, sometimes twofold. This is in agreement with the histological 
evidence of Severini mentioned in the Introduction. Barcroft therefore felt 
able to assert (Barcroft & Kato, 1916) that the hyperaemia accompanying 
activity in the gland, like that observed in skeletal muscle, is the result of some 
product. of functional activity, and that this activity is reduced but not 
abolished by atropine. The effect of atropine on the response to injected 
acetylcholine is different. The secretory and vasodilator actions are both 
abolished, but it is of interest that the tissue slice technique, at least, shows 
that the increase in oxygen consumption caused by addition of acetylcholine 
is also abolished by previous addition of atropine (Brock, Druckrey & Herken, 

Bayliss, in his monograph on the vasomotor system (1923), was concerned 
to present a case for the universal existence of vasodilator nerve fibres. He 
regarded the chorda tympani as a typical example of a nerve containing vaso- 

dilator fibres, and argued that Barcroft’s figures supported his view because 
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the oxygen consumption of the stimulated gland under atropine only increased 
twofold, when the corresponding blood flow increased fivefold. The view that 
parasympathetic vasodilator nerve fibres run in the chorda has been oy 
accepted since that time. 

When Dale & Gaddum discussed the atropine resistant vasodilatation (1930), 
they accepted the view that special vasodilator fibres were present in the 


shorda and concluded that they were cholinergic. Assuming that botulinum 
toxin selectively inactivates cholinergic fibres, our finding that it abolishes 


simultaneously the secretory and vasodilator responses to chorda stimulation 
likewise excludes the possibility of non-cholinergic vasodilator fibres in the 
chorda tympani and, in this respect, lends support to the conclusion of Dale & 
Gaddum. However, our view of the mechanism whereby the vasodilator 
response is produced differs from that of Dale & Gaddum in that we do not 
postulate special cholinergic vasodilator fibres in addition to the known 
cholinergic secretory fibres. Our results rather indicate, in agreement with 
Barcroft, that the vasodilatation is caused by a stable material produced by 
the gland cells when they are activated. i 

This conclusion is based on indirect and direct evidence. The vasodilatation 


resulting from chorda stimulation could be postponed, while the circulation 


was arrested by arterial occlusion, and perfusate collected from the gland 
during, and immediately after, stimulation possessed pronounced vasodilator 
activity. This vasodilator material was shown to be produced not only when 
the gland was activated by chorda stimulation, but also following an intra- 
arterial injection of acetylcholine. In this case also it was possible to postpone 


the vasodilatation following an injection made shortly before the artery was 
occluded, whereas such delay could not be obtained of the vasodilatation 
produced by acetylcholine in skeletal muscle. We therefore conclude that the 


secretory cells are normally stimulated by the cholinergic postganglionic nerve 
fibres, the activated cells in their turn releasing a stable vasodilator material 
into the intercellular fluid which then produces the local vasodilatation. 


The failure to retain by venous occlusion any vasodilator activity in the 


stimulated gland led to the further conclusion that the vasodilator material is 


carried away mainly in the lymph flowing from the gland, and that no signifi- 
cant amounts ordinarily get into the blood vessels. This conclusion was sup- 
ported by the finding that after careful separation of the gland from the sur- 


rounding tissues, which prevents lymph drainage from the gland, venous 


occlusion can lead to as full retention of vasodilator material as does arterial 


occlusion in the gland with undisturbed lymph drainage. This result was not 
obtained in all experiments in which the gland was isolated; but this is not 


surprising, because the capsule of the gland may well have been injured and 


coagulation may not always have occurred in the lymph vessels severed during 


the process of separation. Both of these accidents would allow lymph to escape. 
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If the vasodilator material formed in the active gland is normally carried 
away in the lymph, the blood issuing from the gland during secretion should 
possess no vasodilator activity. The weak activity that was sometimes found 
has probably to be explained on different lines. It was apparently due to the 
presence of histamine, since blood having this activity also caused a histamine- 
like contraction of the guinea-pig’s ileum, and both these actions were abolished 


by mepyramine. There is, however, no indication that this histamine is in- 


volved in the normal hyperaemic response to secretion; for this response was 
not affected by mepyramine or semicarbazide, there was no correlation between 
the extent of the response and the histamine content of the venous blood from 


the active gland, and this histamine content also was not increased by 


semicarbazide. 

However, when the gland is perfused with Locke’s solution for short periods, 
different conditions prevail and the stable vasodilator material normally re- 
tained in the intercellular fluid is washed out with the perfusate. The vaso- 
dilator activity of such a perfusate is resistant to mepyramine and atropine 
and is strong enough to account fully for the rypertouto response of the 
activated gland. 

It is possible that the suggested means of elimination of the vasodilator 
material elaborated during activity in the salivary gland has a more general 
application. If, for example, it obtains for the material responsible for the 
post-contraction hyperaemia of skeletal muscle, it could explain why the 
extent and duration of this hyperaemia are unaffected by alterations in the 
basal level of blood flow, no matter how these alterations are produced 
(Barcroft, Dornhorst, MacClatchey & Tanner, 1952; Dornhorst & Whelan, 
1953; Patterson & Shepherd, 1954). 


SUMMARY | | 

1. The vasodilatation accompanying activity in the submandibular salivary 
gland has been studied in cats. This vasodilatation is reduced but not abolished 
by atropine. 

2. Botulinum toxin, injected directly into the gland, paralyses simul- 
taneously the vasodilatation and secretion resulting from stimulation of the 
chorda tympani and the hilus of the gland. It is therefore concluded that non- 
cholinergic nerve fibres are not concerned in the vasodilatation. 

3. A short period of circulatory arrest, produced by arterial occlusion, 
postpones the vasodilatation whether the gland is activated by chorda stimula- 
tion or by arterial injection of acetylcholine. It is therefore concluded that a 
stable vasodilator material is responsible for this vasodilatation. 

4. A short period of circulatory arrest produced by venous occlusion does 
not postpone the vasodilatation unless the lymph drainage has been abolished 
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by isolation of the gland from the surrounding tissues. It is therefore con- 
cluded that the vasodilator material is carried away mainly in the lymph. 

5. A stable vasodilator material was detected in the perfusate collected 
during chorda stimulation from a gland perfused with Locke’s solution. The 
activity of the perfusate could account fully for the vasodilatation normally 
produced in the gland, and was resistant to mepyramine and atropine. It is 
concluded that this vasodilator material is the cause of the vasodilatation 
occurring in the activated salivary gland, and that it is produced or released 
from the gland as a result of its activity. 
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FURTHER OBSERVATIONS ON REFLEX BEARING-DOWN 
IN THE FOWL 


By A. H. SYKES 
From the Poultry Research Centre, Edinburgh 9 


(Received 8 October 1954) 


The term bearing-down is generally used of the contractions of the abdominal 
muscles which occur during the second stage of labour in human parturition, 
but as a descriptive phrase it is equally apt when applied to the study of ovi- 
position in the fowl, for it has been found that distension of the hen’s vagina, 
either naturally or by artificial means, evokes characteristic movements of the 
skeletal muscles which appear analogous to those observed in man. A pre- 
liminary account of this phenomenon has already been given (Sykes, 1954), 
and it is the purpose of the present paper to enlarge upon the original observa- 
tions and to consider how far reflex hearing-down is essential for the accomplish- 
ment of oviposition. 


METHODS 


The axial were performed on laying hens anaesthetized lightly with sodium sindahattital 
(Nembutal, Abbott) supplemented with ether. Distension of the vagina was by a balloon, made 
from a finger cot, which could be dilated to the size and shape of an egg by means of a pressure 
bottle filled with warm 0-9% (w/v) NaCl solution. Respiration was recorded by means of a 
T-tube in the trachea and a tambour connected to one of the open limbs. Changes in the abdominal 
pressure were measured by a balloon about 3 x 1 cm inserted through the lateral abdominal wall, 
filled with warm 0-9% NaCl solution and connected to a mercury manometer. 

For experiments in which it was desired to observe the passage of an egg through the vagina the 
following procedure was adopted. At 9 a.m. on the day of the experiment a hen known to be 
carrying an egg in the uterus, as determined by palpation, was injected subcutaneously with 1 mg 
adrenaline to delay normal oviposition for about 6 hr (Sykes, unpublished). This was done both to 
avoid premature oviposition, which appears to result sometimes from operative procedures, and to 
permit the time of initiation of oviposition to be known. About | p.m. the hen was anaesthetized, 
placed in the supine position, and oviposition induced by the injection of 1-0 to 1:5 units of 
Pituitrin (Parke Davis) intravenously. When it was desired to prevent reflex bearing-down, either 
the spinal cord was transected or the vagina anaesthetized (1 ml. of 2% Nupercaine or 10% 
procaine) prior to the injection of Pituitrin. In three experiments on unanaesthetized hens, not 
pretreated with adrenaline, the vagina was everted by manual pressure on the abdomen and 
injected with procaine. Oviposition was then induced by Pituitrin as before. 

The erection of the ventral abdominal feathers was observed visually. 
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RESULTS 

It has been shown in the preliminary communication (Sykes, 1954) that. dis- 
tension of the vagina results in increased respiratory movements, together with 
the contraction of the abdominal muscles and a rise in the abdominal pressure. 
This reflex bearing-down was abolished by deep general anaesthesia, local 
anaesthesia of the vagina and, in three cases, by spinal cord transection (T6). 
Similar but less powerful efforts occurred during distension of the rectum. 
Bearing-down, of rectal or vaginal origin, was observed in laying, non-laying 
(Fig. 2) and immature hens and in cocks; the strongest efforts, as judged by the 
speed and force with which the distending balloon was expelled, were made by 
laying hens. 

Erection of the ventral abdominal feathers, which usually accompanied 
bearing-down, was held to be a separate reflex since it could be elicited inde- 
pendently of bearing-down by tactile stimulation of the cloaca and, in one case 
out of three, it persisted after spinal cord transection. Conversely, bearing- 
down without feather erection could be evoked by the use of a small balloon 
which distended only the cranial end of the vagina. Further work shows that 
although feather erection may be abolished by thoracic cord section it may 

soon reappear, as it did within 2 hr in six out of seven birds. 


Experimentally induced bearing-down 

The effects of distending the vagina with a balloon have been followed more 
closely with the following results. 

Respiration. The method of recording respiration did not give an absolute 
value for changes in amplitude, but it may be seen from Fig. 4 that the in- 
crease was about half of the resting value. The frequency was usually raised as 
shown by experiments on nine hens in which the average resting rate of 25-4 + 
8.E. 1-38 per min increased to 40-0 + s.z. during vaginal distension, an increase 
‘significant at the 0-1% level. During the most vigorous bearing-down the 
respiration occurred in gasps in between which the breath was held while a 
strong expulsive effort was made. This type of breathing occurred more readily 
when the balloon was fully dilating the caudal end of the vagina and the cloaca. 
A period of hyperpnoea during bearing-down was often followed by apnoea 
when the stimulus was removed (Fig. 4). 

Abdominal pressure. Little reliance can be placed on the absolute values of this 
pressure since it depended on the degree of distension of the recording balloon 
and on its position within the body, neither of which were constant from bird 
to bird. The maximum pressure obtained was about 40 mm Hg. When the 
abdominal balloon was manipulated so that it was not affected by the respira- 
tory movements, a clear record of the onset and termination of bearing-down 
was obtained which showed that as the vaginal balloon increased in size the 
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pressure in the abdomen rose correspondingly. This effect was not caused by. 
_ the direct physical action of the distending balloon i impinging on the recording 
balloon since it was abolished after anaesthetizing the vagina with Nupercaine 


(Fig. 1). 


Fig. 1. Record of respiration (above) and changes in abdominal pressure (below) of a laying hen 
following distension of the vagina (V) or rectum (R). At N, 1 ml. of 2% Nupercaine was . 
injected into the vagina and cloaca; at X the drum was stopped for 2 min. 


Fig. 2. Record of respiration (above) and changes in abdominal pressure (below) of a non-laying 
hen. In the left-hand record the vagina was distended; in the right-hand record the rectum 
was distended at first deeply and at each arrow the distending balloon was withdrawn nearer 
to the anus. Time scale as in Fig. 1. 


The stimulus. Bearing-down was observed when a small area of the vagina 
» was held between two pairs of forceps pulled in opposite directions. In this 
way the reflex could be shown to be independent of any cloacal distension which 
probably occurs when a balloon is used to dilate the whole of the vagina. 

In two birds a balloon was introduced into the uterus per wae fOa and dis- 
tended but in neither case did any bearing-down ensue. | 

Spinal birds. Besides the three birds already mentioned a further seven 
} birds with lesions between T'5 and L4 have been examined under anaesthesia 
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for periods up to 5 hr after the operation. In none of them was bearing-down 
observed when the vagina was dilated. 


Fig. 3. Changes in abdominal pressure during oviposition induced by the intravenous injection of 
1-0 i.u. Pituitrin. At V the egg entered the vagina and bearing-down contractions ensued until 
the egg was laid at L. | | 


Fig. 4. Respiration in the aying hen. The top record shows the changes occurring during ovi- 
position which terminated at L; the bottom record shows the changes occurring during two 
periods of vaginal distension. : 

Bearing-down during oviposition | 

Spontaneous oviposition, Fig. 4 shows the changes in respiration which 
occurred during a case of naturally induced oviposition. The egg was observed 

in the vagina about 1 min after the recording was started. There followed a 

period of bearing-down, as shown by the hyperpnoea, which lasted for 2-5 min 
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and which was interrupted by short periods of partial apnoea reminiscent of 
Cheyne-Stokes respiration. After the egg was laid a similar, but more uniform 


- record of the respiratory changes was obtained during vaginal distension by: a 


balloon. 

Posture during seiponitiion: It was noticed on several occasions that ventro- 
flexion of the legs occurred when the vagina was distended by a balloon. This 
type of movement may readily be seen during normal oviposition in intact 
hens and probably constitutes a specific oviposition posture. A further point of 
interest is that in one bird, which laid near the end of a period of vaginal 
anaesthesia, the normal posture was not adopted and the egg, falling from about 
twice the usual height, broke on the floor of the cage. 


_ Taste 1. The effect of vaginal anaesthesia on the duration of induced oviposition 


Time (min) 
Injection of pro- Injection of Injection of | Time spent in Start 
Bird _ caine to injection Pituitrin to Pituitrin to vagina before of bearing- 
no. of Pituitrin laying egg in vagina bearing-down down to laying 
(a) Control birds 
B64 — 8-0 7-0 0 1:0 
B65 70 55 0 1-5 
B68 — 5-0 2-5 0 2-0 
B69 — 4-0 1-5 0 2-5 
B70 -- 3-0 1-5 0 15 
B5 — 70 4-0 0 3-0 
B6 — 2-0 1-0 0 1-0 
B7 — 3-0 2-25 0 0-75 
Mean 4-9 3-0 1-7 
treated with procaine 
B71 17 3 21 4 
B72 18 0 2 412 5 
B73 23 19 5 11 3 
B3 0-5 120 3 113 4 
B4 6 54 2 48 4 
B7 10 30 3 24 3 
Mean 14:8 45-0 3-0 38-2 3:8 


Induced oviposition. In order to obtain a complete record of oviposition 
from the moment the egg left the uterus the previously mentioned procedure 
was adopted, and an example of the changes in the abdominal pressure is given 
in Fig. 3. After injecting Pituitrin the respiratory movements were reduced 
and the pressure fell but, about 2-5 min later, the pressure rose and the 
respiratory frequency increased. 

Stronger efforts, punctuated with gasps, followed until the egg was finally 
expelled after a period of bearing-down lasting 2 min in all. The start of 
bearing-down approximately coincided with the appearance of the egg in the 
vagina as determined by drawing apart the lips of the cloaca when a small area 
of white shell was clearly seen. This experiment was repeated 7 times with 
similar results; the duration of bearing-down in each case is given in Table 1a. 

Next, two types of experiment were performed to see what effect abolition of 
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the reflex had upon the course of induced oviposition. The above procedure was : 


modified either by local anaesthesia of the cloaca and caudal part of the vagina 


or by spinal cord transection at varying intervals before injecting Pituitrin. - 


The time of the appearance of the egg in the vagina and of the onset of bearing- 
_ down was noted. 

_ Oviposition after vaginal anaesthesia. Initially Nupercaine was used but this 
tended to reinforce the general anaesthesia and as a result one bird died with 
the induced egg remaining in its vagina for 50 min up to the time of its death. 


‘Another bird treated with Nupercaine retained an egg in the vagina for over | 


2 days before it was removed manually. The results of the main series of 
experiments, in which procaine was used, are given in Table 1b. In each bird 
the egg appeared in the vagina within the normal time and it remained there 
until the commencement of bearing-down. This occurred after a lapse of time 
approximately proportional to the interval between the injections of procaine 
and Pituitrin. The duration of bearing-down itself was not much longer than 
normal, 


TaBiE 2. Effect of spinal cord transection on the duration of induced oviposition 


Time (min) 
Cord inj Injection of Pitui- Res | 
injection ection of Pitui- trin to egg in in vagina to 

 Bird'no. Preuitrin trin to laying vagina laying - 
3 122 118 
(a) {8 6 243 3 240 
L5 203 ' 252 12 240 
(hl 3 7 3 4 
(6) L4 245 7 2 
L6 5 6 2 4 
L8 4 10 ae 7 
Mean of (a) — 205 6-3 199 

Mean of (5) 75 25 5-0 


The maximum duration of action of procaine can reasonably be taken as the 


total time from its injection to the start of bearing-down; that is the sum of © 


columns 1 and 2 less column 5 in Table 16. In five cases the duration was be- 
tween 32 and 56 min which is about the value expected (Wilson & Schild, 1952); 
in the sixth, the duration was 116 min. With hens subject only to vaginal and 
not general anaesthesia essentially the same results were observed. In three 
experiments the egg remained in the vagina for 6, 21 and 23 min. 

. Oviposition after spinal cord transection. In seven spinal hens the bearing- 
down reflex was abolished, as shown by the lack of response to vaginal 
distension, nevertheless oviposition was accomplished apparently without 
bearing-down. The time which the egg spent in the vagina (see Table 2) was only 
slightly longer than normal in four of the hens, but in the remainder there was a 
considerable delay. This delay did not appear to be correlated with the length 


of time which ensued between cord transection and the injection of Pituitrin. 
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DISCUSSION 


Findings similar to mene made on the fowl have been made by Cook (1925) on 
the rabbit, Rudolph & Ivy (1930) on the bitch, and by Franklin & Winstone 
(1954) on the rabbit. All these authors noted that the onset of bearing-down 
coincided with the distension of the vagina by a foetus or by a balloon. Similar 
results were found by Ferguson (1941) on post-partum rabbits and cats. It 
has also been shown recently (Franklin, personal communication) that these 
reflex movements can be evoked in the virgin rabbit, a finding similar to that 
made on immature and non-laying hens in the present work. 

Thus it appears that superficially at least, spread in the fowl is sisaihie 
‘to that observed in various mammals. 

In the fowl the receptor organs of the reflex are situated along the length of 
' the vagina and not in the body of the uterus, but the experiments do not 
preclude the cloaca as an additional site since it has not been possible to dis- 
tend the cloaca alone without thereby affecting the vagina or the rectum. The 
possible role of the uterine sphincter has not been examined in this respect 
though, like the mammalian cervix, it may be functionally distinct from the 
of the uterus. 

There is a difference between the bearing-down reflex in the fowl and in 
man. In the fowl the uterus is empty at the start of bearing-down and it is the 
- contraction of the vaginal muscles that is augmented. In man the foetus is still 
wholly or partly in the uterus when the reflex is evoked. 

The role of bearing-down in oviposition, It may be concluded from the experi- 
ments involving local anaesthesia, that the reflex is essential for oviposition for 
in its absence the skeletal muscles are not called into play and the vaginal 
muscles, by themselves, are inadequate for the task. 

The necessity for intact abdominal muscles has also been suggested by ex- 
periments on laparotomized hens (Sykes, 1953) in which the bearing-down 
reflex was not abolished. On the other hand, this conclusion is not supported 
by the experiments with the spinal birds, since, apparently without bearing- 
down, all the birds in this group were able to lay their eggs. Similar results had 
been previously obtained (Sykes, 1953) with chronically spinal hens prepared 
for the purpose of studying the initiation rather than the fulfilment of ovi- 
position. Careful observation of the presence or absence of bearing-down was 
not made at that time but on reviewing the data in the light of the present work 
it is seen that essentially the same results were obtained. Oviposition was often 
prolonged but only one of the eleven vaginal eggs was not successfully expelled. 

If the bearing-down reflex is not essential then either the vaginal muscles 
alone can expel the egg, given sufficient time, or the abdominal muscles are 
brought into play by some other mechanism such as an intact viscero-motor 
teflex arc as described by Downman & McSwiney (1946). 
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Within the mammals a situation exists similar to that found in the fowl. It 
is well known that in man and in experimental animals normal delivery can 
occur after spinal cord transection (Marshall & Moir, 1952) a procedure which 


would abolish the reflex (Rudolph & Ivy, 1930; Ferguson, 1941). On the other 


hand, Reynolds (1949) has calculated that in man the uterus alone cannot 
develop sufficient force to expel the foetus arid that for natural delivery the 
abdominal muscles are essential. Clinical evidence of this is provided by Beck 
(1951), who states that forceps are often needed with paraplegic patients and 
always employed when spinal analgesia is given. Simpson’s (1871) experiment 
on the acutely spinal sow demonstrates more clearly the uterine and vaginal 
components of parturition. Delivery was effected of all the piglets except the 
last which, in each litter, remained lodged in the vagina since the abdominal 
muscles were paralysed and there was no further piglet to transmit the force 
of the uterine contractions by which the others were expelled. 

It appears then that in the fowl and in some mammals the abdominal muscles 
are essential for normal delivery and these muscles are controlled by a reflex 
arising from distension of the vagina. In the case of spinal man it is known 
that the abdominal muscles become functional in the recovery stage (Head & 
Riddoch, 1917) and the same may be true of the hen in which the duration of 
spinal shock is extremely short. On the other hand, during spinal analgesia in 
man, vaginal anaesthesia in the fowl and in the case of Simpson’s pigs there is 
an acute loss of the bearing-down reflex which is not compensated for in any 
other way. 

SUMMARY 


1. Distension of the hen’s vagina and cloaca evokes bearing-down contrac- 
tions of the skeletal muscles and erection of the feathers surrounding the vent. 

2. Abolition of the reflex by local anaesthesia of the vagina prevents delivery 
of the egg. 

3. Abolition of the reflex by thoracic cord section has no effect on delivery 
of the egg in half the hens; in the remainder delivery is considerably delayed but 
not prevented. 


4. The findings in the hen are compared with similar aspects of mammalian 
parturition. 


I wish to thank Prof. K. J. Franklin of St Bartholomew's Hospital Medical College for his 
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_ THE BLOOD FLOW IN SKIN AND MUSCLE OF 
THE HUMAN FOREARM 
By K. E. COOPER, 0..G. EDHOLM anp R. F. MOTTRAM 
From the Division of Human Physiology, National Institute for 


(Received 18 October 1954) 


The venous occlusion plethysmograph measures the total blood flow through — 


all component tissues of a limb segment. It does not give any indication of the 
relative flow through the skin, muscle and supporting tissues. In the past, 
observed changes in forearm blood flow have been ascribed, by different 
workers, to changes in the different component tissues of the limb segment. 
However, no direct quantitative measurements of the flow in these different 
tissues have been made in man. Estimates of skin blood flow have been made 
by Hertzman (1948), using the photo-electric plethysmograph. Behnke & 
Willmon (1941) have used the rate of absorption of helium through the skin as 
an indication of cutaneous blood flow. Hardy & Soderstrom (1938) have, by 
a study of the skin and deep temperatures, attempted to assess the skin blood 
flow. The heat elimination of the skin has been measured by Hensel (1952) 
using a modification of Aschoff’s (1944) continuous-flow calorimeter. All these 
methods can be considered to give an indication of changes in the skin blood 
flow, but none of them has been correlated with a method which gives a 
quantitative record of the cutaneous blood flow. The method of physiological 
skinning of the forearm by iontophoresis with adrenaline developed by Bar- 
croft, Bonnar, Edholm & Effron (1943) has been used to measure skin flow. 
The forearm blood flow may vary considerably from day to day, even with the 
subject at rest. Making use of these fluctuations in forearm blood flow, induced 
by internal and environmental factors, it is possible to estimate the skin and 
muscle blood flows occurring in the forearm over a substantial range of flows 
in that segment, and the results are presented in this paper (Cooper, Edholm 
& Mottram, 1954). 
METHODS 


Techniques. Forearm blood flows were measured by means of a water-filled venous occlusion 
plethysmograph. Records of volume changes were obtained using an electrical volume recorder 
(Cooper & Kerslake, 1951). The wrist-cuff was inflated to 200 mm Hg pressure for 1 min (Kerslake, 
1949). The venous occlusion cuff was then alternately inflated to 70 mm Hg pressure for 5 sec 
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and opened to atmosphere for 5 sec. This cycle of cuff inflation was maintained during the recordings. 
A set of twenty inflow traces was obtained in this way over a period of 4 min 20 sec, and then both 
the wrist-cuff and the collecting cuff were left open to atmosphere for 5 min 40 sec. Further inflow 
recordings were made in this manner throughout the experiment. The mean slope of the twenty 
inflow records in each set was used to calculate the mean forearm blood flow during that period of 
observation. . 

In order to arrest the skin circulation so that an estimate might be made of both skin and 
muscle blood flows, adrenaline iontophoresis was carried out in the following manner. The arm 
was shaved and cleaned with ether prior to the start of the experiment. At the appropriate time 
the arm was removed from the plethysmograph, and the hand was inserted into a rubber glove 
which was sealed at the wrist with waterproof adhesive tape. The forearm and hand were placed 
as far as the elbow into a cylindrical brass pot, the top edge of which was covered with an 
insulating material to prevent burns occurring from direct contact of the arm with the brass rim. 
The pot was filled with a solution of adrenaline (free base obtained from Boots Pure Drug Co. Ltd.) 
ata concentration of 1 : 2000, in 0-05 % (v/v) H,PO, and adjusted to a pH of 4-5 with a phosphate 
buffer. The solution was. prepared within half an hour before use and kept at 34° C. The brass 
cylinder was connected to the positive pole of a 45 V battery, the negative pole of which was 
connected in series with variable resistances (500,000 Q and 5000 Q), a milliammeter, and an 
electrode on the leg. The current was gradually increased until the intensity of the tingling was 
at the limit of the subject’s tolerance, or until 20 mA was passing through the circuit. This current 
strength was maintained constant for 10-20 min, and was then gradually decreased to zero. The 
arm was removed from the pot, the glove was stripped off, the forearm dried and returned to the 
plethysmograph i in the exact position which it had previously occupied. 

Procedure. The subjects for these experiments were healthy adults of both sexes, aged 20-45 years. 
They lay on a couch in a room, the temperature of which was controlled, usually between 23 and 
25° €. Pulse rate, blood pressure and mouth temperature were recorded at 10 min intervals, The 
arm was placed in a water-filled plethysmograph at about heart level, and the water temperature 
was maintained at 34° C in most experiments, but occasionally at 30 or 35° C. Five sets of inflow 
traces were obtained and then the iontophoresis of adrenaline was carried out. The arm was 
replaced in the plethysmograph and at least five more sets of inflows were recorded. All experi- 
ments ended not later than 1 hr after the end of iontophoresis. A rise of pulse rate and blood 
pressure associated with palpitations and a feeling of apprehension by the subject during or after 
iontophoresis of adrenaline was taken to indicate the absorption of adrenaline into the systemic 
circulation. 


RESULTS 


experiment ended, the arm was examined for the persistence of blanching 
during reactive hyperaemia and immersion in hot water. Any reddening in the 
iontophoresed area was indicative of incomplete arrest of the skin circulation 
in the segment. An appearance resembling post-mortem lividity was observed 
in the iontophoresed area, and it was unchanged during a reactive hyperaemia, 
In most of those experiments in which the iontophoresis was adjudged to be 
complete, by means of the reactive hyperaemia and hot water tests, the post- 
iontophoresis arm flows were reduced below the pre-iontophoresis flow level, 
and they remained steadily at the new value for about 1 hr. This change, 
together with the absence of flushing during reactive hyperaemia, suggested 


that the skin blood flow, if not abolished, was greatly reduced. Further 


evidence was sought on one subject (0.G.E.) by direct observation. Two 
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experiments were performed in which the forearm was treated with adrenaline 
in the usual way but the room temperature was raised to produce a high skin 
blood flow. A rubber cuff was bound round the upper arm and inflated to 
200 mm Hg pressure. Two incisions were made in the skin and well intothe 
subcutaneous fat, one in the treated area, and one just above the line of 
blanching. The cuff which had been inflated for 4 min was deflated. Free 
bleeding took place from the skin edges of the incision in the untreated skin 


_ but not in the iontophoresed area. In both incisions, however, there was a 


little oozing of blood from the vessels in the subcutaneous fat. These observa- 


tions confirmed the suggestion that the blanched skin was bloodless, and | 
suggest further that the adrenaline had not passed appreciably into the sub- | 


cutaneous region. 

Evidence that absorption of adrenaline into the general circulation did not 
affect the blood flow in the forearm muscles is provided by other experiments 
(Cooper, Edholm, Fletcher, Fox & Macpherson, 1954), in which the blood flow 
in both forearms was measured simultaneously. During and after a satisfactory 
iontophoresis of adrenaline into one arm, the blood flow in the other arm 
remained constant. It has also been suggested that during iontophoresis 
adrenaline could reach the muscle vessels via vascular channels penetrating 
from the skin and so increase the muscle blood flow. In the experiments 
described in this paper, the blood flow has been measured after iontophoresis 
in order to assess the muscle flow, during the time when the skin circulation is 
arrested. Under these conditions, such penetrating vascular cance if they 
exist, would have no blood flowing through them. 

Dissection of the human forearm. Fresh post-mortem material was used, five 
forearms from five different subjects being dissected. A segment of the fore- 
arm was removed, corresponding in position and length to that part of the arm 
normally enclosed in the plethysmograph. This was weighed and the volume 
measured by water displacement. A complete dissection was made and the 
forearm separated into the component tissues, i.e. skin, subcutaneous fat, 
muscle, fascia, tendon, nerves, blood vessels and bone. The periosteum and 
interosseous membranes were not separated from the bone. Each tissue was 
first weighed and then the volume determined by water displacement. The 
results are shown in Table 1. Under the heading of fat, etc., is grouped sub- 
cutaneous fat, fascia, nerves and blood vessels. 

Although the initial size of the forearm dissected varied considerably, there 
is less difference in the proportion of the tissues than was anticipated. 

_ Forearm blood flows before and after adrenaline iontophoresis. A total of 
thirty-nine experiments was performed. The mean slope of all the inflow traces 
obtained before adrenaline iontophoresis was calculated and, when converted 
into ml. blood/100 ml. forearm/min, was taken as the mean forearm blood flow 
before the adrenaline treatment. It was considered to be the sum of skin and 
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‘ muscle blood flows, with a small contribution from bone, fat and connective 
tissues. A similar average post-iontophoresed forearm blood flow was com- 
puted. The difference between the pre-iontophoresis and the post-iontophoresis 
flows was taken to represent the skin blood flow under these conditions. Of the 
thirty-nine observations, eight were rejected; the values obtained in these 
experiments, and the reasons for their rejection are shown in Table 2. The 
remainder of the observations are presented in Table 3. The resting level of 
blood flow varied from 1-5 to 10-5 ml./100 ml. forearm/min and skin blood flow 
varied from 0 to 6-0 ml./100 ml. forearm/min. No attempt was made to give 


TaBLe 1. Dissection of the forearm 
Complete 
segment Skin ' Bone Tendon Fat, etc. Muscle 
(a) (6) (a) ©) @ @ (© @ & 


388 340 29 30 86 82 52 15 2% 2 #47 26 26-57-38 220 220 62 
392 354 20 30 85 87 53 16 18 #=17'+ 5 23 23 65 235 230 65 
400 370 40 39105 78 50 135 375 369 98 45 45 12 172 169 54 

40 35 85 92 70 15 15 16 38 29 29 68 282 280 65 
675 616 45 44 71 89 56 10 32 32 52 .35 40 65 475 460 72 


Average 86% 13-7% 61% 8% 63-6% 

Tn column (a) is given the weight of the part in grams; in column (6) the volume in ml.; and 
in column (c) the percentage volume. The average values are the average volumes of the different 
tissues. The heading ‘fat, etc.’ includes fat, fascia, nerves and blood vessels. 


mean values to these quantities, since it would be misleading and imply a con- 
stancy which does not exist. The values obtained for muscle blood flow and 
skin blood flow have been plotted against the total forearm blood flows in 
Figs. 1 and 2. Regression equations have been calculated for these two sets of 
points, and the regression line drawn on the figures. The upper part of each 
line is dotted, there being too few points to justify the assumption of eer: 

The equations are: 


skin flow = 0-53 x total forearm flow — 0-83, 
muscle flow = 0:47 x total forearm flow + 0-83. 


Using the average figures for the volume of skin and muscle obtained from the 
dissections, the range of skin blood flow was found to be from 0 to 70-5 ml. 
blood/100 ml. skin/min, and the range of muscle flows from 1-8 to 9-6 ml. 
blood/100 ml. musele/min. 

General observations. There was marked pilo-erection in the blanched area 
after iontophoresis of adrenaline, which at times persisted for some hours after 
the end of the experiment. The pallor persisted in some subjects for as long as 
6 hr after treatment. On occasions symptoms, which were probably due to the 
absorption of adrenaline, occurred several hours after the experiment ended. 
This suggested that, as a precaution, a trial iontophoresis using a low current 
strength should be carried out on each subject to exclude those who might 
have unpleasant symptoms after the usual experiment. 
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Taste 2. Forearm blood flows before and after adrenaline iontophoresis. The results of the 
eight experiments which were rejected , 


Blood flows ml. blood/100 ml. forearm/min § 
Post-iontophoresis 
Resting ’) Skin Reason for rejection 
3-40 2-90 0-5 Rise in rate and blood Ps 
2-80 Incomplete blanching of forearm 
2-70 3-10 -0-4 Pulse rate rose after iontophoresis 
Inflow curves unreadable because of 
respiratory fluctuations | = 
2-40 1-90 0-5 Rising post-iontophoresis flows 
2-17 2-27 and rise in pulse rate 
| r iontophoresis. 
2-95 2-06 0-89 — rise in post-iontophoresis 
ws 
Inflow curves unreadable because of 
respiratory movements 
3, Forearm blood flows before and after adrenaline iontophoresis 
Blood flows 
Post-iontophoresis 
Muscle Skin 
ml. blood/ 
100 ml. forearm/min (a) (b) (a) (b) temp. (° C) Room temp. (° C) 
1-45 1:16 1:8 0-29 3-4 30-5 23-24 
1-60 160 25 0 0 30-0 24-25 Fi 
1-90 140 22 050 #59 34-0 23-24 
2-02 164 26 O38 44 30-0 23-24 
2-05 163 26 042 49 30:5 24-25 
2-10 190 30 020 23 34-0 23-24 
2-12* 206 32 006 07 34-0 23-24 Fi 
2-20 220 35 0 0 34-0 19-20 ) 
2-27 163 26 064 7:5 34-0 23-24 
2-30 : 160 25 070 82 34-0 22-23 
2:39 216 34 O23 £27 340 23-24 
2-45 162 26 O83 34-0 24-27 
2-60 : 215 34 O46 653 34-0 24-25 
2-61 195 31 066 #£«17:7 34-0 25-26 T 
2-70 200 31 O70 82 34-0 23-24 | 
2-90 180 28 110 129 34-0 22-23 st 
3-03 303 48 34-0 23-24 
3-18 237 37 O81 95 34-0 23-24 fi 
3-20 220 35 100 I2b7 34-0 23-24 fi 
3-20 270 42 O50 59 35-0 25-26 
3-60 280 44 080 94 34-0 23-24 tl 
3-80 210 32 #£1:70 200 34-0 26-27 
4-00 260 41 16-4 34-0 24-25 | 
4-30 270 43 160 188 34-0 22-23 b 
4-50 343 54 4107 126 30-5 22-23 b 
5-30 280 44 250 29-4 34-0 25-26 
5-60 $340 54 220 258 34-0 24-25 fi 
6-00* 595 94 005 06 34-0 25-26 
6-17 201 32 416 490 34-0 23-24 ! 
7-64 612 96 162 158 34-0 24-25 h 
10-50 450 71 £600 705 34:5 23-24 R 
* The differences between these resting flows and their post-iontophoresis flows are within the P 
limits of experimental error: 
where ‘a’ =muscle or skin blood flow in ml./100 ml. forearm/min; __ f 


where ‘b’ = muscle or skin blood flow in ml./100 ml. muscle or skin/min. 
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Total forearm blood flow (mi./100 ml. forearm/min) 


—_ 


Muscie blood flow (ml./100 ml. forearm/min) Skin blood flow (mi./100 ml. forearm/min) ' 


Fig. 1 Fig. 2 | 
Fig. 1. Muscle blood flow calculated from adrenaline iontophoresis experiments, plotted against 


total forearm blood flow. 
ship, this may not hold good at the higher rates of flow. 


Fig. 2. Skin blood flow, calculated from adrenaline iontophoresis experiments, plotted against 
. total forearm blood flow. At low rates of forearm blood flow, skin blood flow is nil, but 
_ increases steeply as total flow rises. 


DISCUSSION 
The evidence from the experiment in which the forearm was incised strongly 
suggests that skin blood flow is zero in a blanched limb segment. Any small 
flow of blood through the skin after iontophoresis would give a slightly high 
figure for muscle blood flow, and a consequent underestimate of the flow — 
through the skin. This possibility cannot be excluded, since direct observation 


_ of incised skin was not made in each experiment. Under the heading of muscle 


blood flow is included the flow through muscle, tendon, fat, connective and 
bony tissues. The figures available for the bone blood flow in healthy subjects 
from the work of Edholm, Howarth & McMichael (1945) give a value of 0-5- 
1-0 ml. blood/100 ml. bone/min. This would make the muscle flow as estimated 
here too high by 0-07-0-14 ml. blood/100 ml. forearm/min. Tendon, connective 
tissue and fat are relatively avascular tissues, and no measurement of the blood 
flow in them has yet been made. The values obtained for the composition of the 
forearm agree closely with those of Abramson & Ferris (1940), but differ from. 


iss 
Wwe 
4 
/ 
yf 
5 
4 
3 * 
2 
4 
ag 


264 K. E. COOPER, O. G. EDHOLM AND R. F. MOTTRAM 


the figures obtained by Grant & Pearson (1938) and by Skelton (1927). Grant 
& Pearson estimated the composition of the arm by a radiographic technique 
which was open to inaccuracy in interpretation. If the figure for skin volume 


given by Skelton is divided by the body surface area, the extraordinary value — 


of 6-5 mm for mean skin thickness is obtained. An explanation for this state- 
ment is that the subcutaneous tissue is included in the definition of skin. While 
variation in the amounts of each tissue in the forearm would make some 
difference to the values obtained for the skin and muscle flows, it is not great 
enough to influence their order of magnitude. 

It is clear from an inspection of Figs. 1 and 2 that the higher the total fore- 
arm blood flow the higher are both the skin and muscle components. Regres- 
sion equations have been calculated from the observations, and there is some 
scatter of individual results, An estimate can be made of skin or muscle blood 
flows from recorded total forearm flows which do not exceed a value of 5-6 ml./ 
100 ml. forearm/min, the greatest error involved in such an estimate being 
36%. At higher flows, the variation is too great for the computation of skin 
or muscle flows. Different treatments (plethysmograph and room tempera- 
tures) were used in some experiments, and it was felt that the calculation of 
correlation coefficients from the observations might give spurious values. 

In some early experiments it appeared that forearm blood flow after treat- 
ment was steadier than that recorded before treatment, indicating that the 
muscle vascular system was less subject to rapid fluctuation than that of the 
skin. Coefficients of variation were calculated from the observations and it was 
found that there was no significant difference in variability of blood flow before 
and after adequate iontophoresis. Fig. 3 shows blood flow tracings obtained 
simultaneously from an experiment in which the treated (left) and untreated 
(right) forearms were investigated. It can be seen.that the same pattern of 
variation of blood flow occurs in the treated as in the untreated arm. 

The total cutaneous blood flow has been estimated by Hardy & Soderstrom 
(1938) using temperature measurements. At an environmental temperature 


of 35° C, im a nude subject at rest, the skin blood flow was estimated to be 


278 ml./m* body surface/min. The value obtained by Behnke & Willmon (1941) 
under similar conditions was 230 ml./m? body surface/min. These figures can 
be applied to the forearm, and the skin blood flow in that segment so calculated 
was 1-5 and 1-2 ml. blood/100 ml. forearm/min respectively. These estimated 
forearm skin blood flows are well within the range obtained in the present 
work. The results obtained with the photo-electric plethysmograph cannot be 
compared with other values since this instrument gives essentially qualitative 
readings. 

The adrenaline iontophoresis method makes it possible to correlate skin 
blood flow with total forearm blood flow. It is clear that averages obtained on 
any one occasion have little value in relation to the actual flows under different 
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| environmental conditions. Skin flow is, however, related to total flow under 
: | the conditions described here. It would be wrong to conclude that, at any 
given total forearm flow, there is a fixed ratio between skin and muscle blood 


Blood flow (m1./100 ml. forearm/min) 


% total forearm flow in skin 


j 1 j 


0 50 100 150 200 250 
Time (sec) 


Fig. 3. Individual forearm blood flows recorded simultaneously in the two arms, in one of which 
j the skin circulation was suppressed (phoresed). The difference between the two flows is 
plotted as the skin blood flow. In the lower part of the figure the skin blood flow is plotted 
as a percentage of the total forearm flow. It will be seen that the variability in blood flow 
in the intact arm is reflected in the ‘skinned’ arm, i.e. muscle blood flow is not more constant 
than skin blond flow. O—O, untreated forearm; []—{(0, skin blood flow; @—®, treated, 
i.e. adrenaline/iontophoresed forearm; §§j—{, skin blood flow as percentage of total arm 
flow. 


flow. A plot of skin blood flow against muscle blood flow in Fig. 4 shows that 
there is considerable variability in the relationship between these quantities 
_ (see Table 4). There are conditions under which the skin blood flow can decrease 
and the muscle flow increase, for example when adrenaline is given intra- 
venously, So itis only in resting states, as described in this study, that approxi- 
mate predictions can be made of skin or muscle blood flows from the total 
forearm blood flow. 
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3 


Forearm skin blood flow (mi./100 ml. skin/min) 


‘e 
— 
20 
10 
48 
*s e 


Forearm muscle blood flow (ml./100 ml. muscle/min) 


Fig. 4. Skin blood flow, plotted against muscle blood flow. There is a considerable spread 
| showing that the relationship is not fixed. 
Taste 4, Average partition of forearm blood flow 
pereentage percentage 
ml./100 ml, forearm . range range 
Up to 3 oe 19 

62-100 0-38 

3-46 72-5 27-5 

53-100 0-47 

6 and over 50-5 49-5 

32-56-80 20-67-5 
SUMMARY 


1, Forearm blood flows were measured, at a room temperature of 23-25° C — 


before and after iontophoresis of adrenaline into the skin of the arm. 

2. Evidence is presented suggesting that the skin blood flow is effectively 
stopped by the adrenaline iontophoresis. 

3. Over a range of forearm blood flow from 1-45 to 10-5 ml./100 ml. forearm/ 
min, in thirty-one experiments, the muscle blood flow was found to vary 
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between 1-8 and 9-6 ml. blood/100 ml. muscle/min, and the skin blood flow 
between 0 and 70-5 ml./100 ml. skin/min. The muscle blood flows and the skin 


blood flows have been plotted against the enn forearm flows, the relation- 


ship being shown. 

4, The errors in the technique, the comparison of these results with those of 
other workers, and the possibility of predicting skin and muscle flows from the 
total forearm blood flows are discussed. 


We are grateful to colleagues and gtudents who acted as subjects in this investigation. 
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THE OXYGEN CONSUMPTION OF HUMAN SKELETAL 
MUSCLE IN VIVO 


By R. F. MOTTRAM 
From the Division of Human Physiology, National Institute for 
Medical Research, Hampstead, London 


(Received 18 October 1954) 


Attempts to measure metabolic activity of skeletal muscle om vivo began with 
the experiments of Chauveau & Kaufmann (1887). These authors stated the 
principles on which most later work has relied. These are ‘(1) to collect and 
measure the blood flowing through a muscle of known or ascertainable weight; 
(2) to collect this blood uncontaminated by blood from any other source 
whatever; (3) to find the amounts of chemical substances in a given volume of 
this blood; and (4) to compare these amounts with those found in simul- 
taneously drawn samples of arterial blood.’ They found in the levator labii 
superioris of the horse a muscle they could study in the unanaesthetized 
animal. 

Holling (1939) has followed the same principle in studies on the human fore- 
arm muscles. Blood flow was recorded with the plethysmograph, and samples 
of venous blood were taken from the deep branch of the median cubital vein 
immediately distal to its junction with the superficial branch. He was con- 
cerned primarily with O, consumption of the tissues. Another method, used by 
Jarisch & Gaisbéck (1929) and by Asmussen, Christensen & Nielsen (1939), 
was to estimate the fall in respiratory O, intake that occurs following vascular 
occlusion of the legs. : 
METHOD 


In the present work a variant of Holling’s method for studying O, uptake of muscle has been used. 
Total forearm blood flows have been measured and from them, using the data of Cooper, Edholm & 
Mottram (1954, 1955) an estimate of the forearm muscle blood flow has been made. Blood samples 
were obtained by retrograde catheterization of the deep veins of the forearm from the median 
cubital vein and their O, content estimated. Sixteen healthy young adults of both sexes were used 
for these experiments. During experiments they lay on a couch in a room maintained at 23° C. 
Subjects wore their normal indoor clothing without jackets, and were covered with a blanket if 
they felt cold. 

Blood flows were recorded using a venous occlusion plethysmograph filled with water maintained 
at 34° C (Barcroft & Edholm, 1946). The collecting cuff was placed on the upper arm 2-3 in. above. 
the plethysmograph and inflated to 60 mm Hg for 10 sec at 20 sec intervals. Ten of these 10 sec 
inflow records were obtained beginning 1 min following application of arterial occlusion to the 
wrist (Kerslake, 1949), and the average flow rate for the period calculated. Blood samples were 
withdrawn 30 sec following the last inflow, and before the arterial occlusion cuff was released. 
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Catheterization was performed using the following technique. The venous occlusion cuff was in- 
flated until the veins in the antecubital fossa were distended. In most subjects the median cubital 
vein and its deep branch were immediately apparent, and the latter could often be felt by palpa- 
tion to be emerging from under the pronater teres or brachio-radialis muscles which form the lower 
limits of the antecubital fossa. After release of the venous compression a bleb of procaine 2% was 
raised in the skin over the vein. Venepuncture was performed through this bleb with the needle 
directed distally, using a thin-walled needle with an internal diameter of 1-1mm. A nylon catheter, 
having an outer diameter of 0-9 mm and a lumen of over 0-5 mm was then threaded through the 
needle and down the vein. The free end of the catheter was connected to a constant infusion pump 
and saline containing some heparin was run in at about 0-4 ml./min. The catheter was passed 
4-8 cm down the vein. It was found possible in many cases, by gentle persuasion, to guide the tip 
of the catheter through valves until it was in a suitable position. This was checked at the time of 
introduction of the catheter by observation with an X-ray screen or at the end of the experiment 
by taking radiographs in two planes at right angles to each other. Both for screening and taking 
pictures a stainless steel wire was introduced down the catheter to render it radio-opaque. 


Barrel 


Wax 
Nozzle 
Fig. 1. The techaique of seating tas catheter into the metal cannula and the attachment 


of the sample syringe. 


1 ml. syringes, the dead spaces of 
which had previously been filled with NaF solution. This was used instead of heparin as it assists 
the effect of chilling on the respiration of blood. Two techniques were used for obtaining an air- 
free connexion between syringe and catheter. At first a fine gauge needle was attached to the 
syringe, filled with NaF solution and its tip inserted into the lumen of the catheter. This technique 
only allowed a slow rate of withdrawal of blood, owing to the narrow bore of the needle. Later a 
technique developed by Barcroft (personal communication) was used. The catheter was sealed with 
a low melting-point wax into a metal cannula as in Fig. 1. The tip of the catheter was allowed to. 
project from the end of the cannula in such a way that it lay within the nozzle of the sampling 
syringe when this was attached to the cannula. Before obtaining samples by either technique at 
least 30 sec elapsed between disconnecting the infusion pump and taking the sample. During this 
interval blood was allowed to drain away from the free end of the catheter. 

0-5 ml. samples were taken in 10-30 sec. As soon as the syringe was disconnected from the 
catheter it was sealed and stored by Roughton & Scholander’s technique (1943). Usually four 
sets of blood flows and four corresponding samples of blood were obtained in a single experiment. 
Some subjects had several experiments performed on them, and some only one. 

As soon as possible following the end of the experiment the 0, content of the blood samples was 
estimated by the Roughton-Scholander syringe technique (1943). Duplicate analyses were always 
performed, 0-3 division (c.~0-8 vol. %) was the largest difference between duplicate analyses 
accepted. 

Some samples were stored for a further 18-24 hr after being analysed. It was found that 
practically no fall in O, content had occurred after this time. At least one sample from each set 
was saturated with O, and its O, capacity estimated. It was assumed that, as the subjects were 
at rest, the O, capacity would remain constant throughout an experiment and that arterial blood 
was 95% saturated. 
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» Fig. 2'shows the relative positions of the plethysmograph, cuffs, and catheter about the subject’s 
forearm. Supports were placed under the arm and the hand in such a way that the cuffs were clear 
of them, It should be noted that although the antecubital fossa appears in the diagram to be on 
the upper surface of the arm, the hand is fully pronated. ee 
asked to themselves comfortable. 


Plethysmograph 

2. The sembly of 


Arteriovenous oxygen differences 
Samples of blood (174) were obtained in forty experiments in which the 
catheter was undoubtedly in the deep tissues of the forearm as judged by the 


X-ray pictures obtained. A further forty-six were taken in eleven experiments 
in which the catheter tip was in the superficial tissue. — 


“Fig. 3 shows a histogram of the arteriovenous (A-V.) O, difference of the 


samples of blood drawn from deep veins during these experiments and also 
one for the samples obtained from superficial veins. Although there is some 
overlap it is clear that these two anatomically distinct sets of veins contain 
blood of different composition. 

_ In eighteen experiments a sample of blood was obtained with the wrist cuff 
pei Nine of these samples contained more O, than samples taken during the 
experiments when the wrist cuff had been applied for nearly 5 min. In some 
of these cases the catheter was in such a position that it might well have been 
in a vena comes of the radial or ulnar arteries. In five of the other nine cases 
in which application of the wrist cuff made no difference to venous blood 0, 
content, the catheter was in a vein running along the line of the interosseous 
artery. 

The possibility that some forearm skin venous blood was entering deep 
veins was investigated by performing an adrenaline iontophoresis of a forearm 
_ with a catheter inserted into a deep vein. This was attempted on four occa- 

sions. None was entirely satisfactory, but in two it appeared that the virtual 


cessation of skin blood flow produced no change in deep venous blood 0, — 
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content. This rose, however, when a hyperaemia of deep tissues occurred due 


to general absorption of adrenaline. 


Superficial veins 


No.of samples 


A-V. oxygen difference (volumes %) 


. Fig. 3. A-V. O, difference for deep and superficial venous blood. 


Blood flows 

Before true Q, uptake: of muscle.could.be calculated the ‘muscle’ blood flow 
had to be estimated. This was done by using the data in the paper by Cooper 
et al, (1955) on partition of forearm blood flows. In that paper there is shown 
a regression line for blood flow/100 ml. muscle tissue against blood flow/100 ml. 
forearm, This was derived from the results of some thirty experiments 
in which blood flow in a forearm had been measured before and after ionto- 
phoresis with adrenaline, and from estimation of proportions of forearm tissues 
by dissecting and measuring the volume of the various component tissues. 

Fig. 4 shows a histogram of the total forearm flows obtained, each observa- 
tion as graphed being the mean flow calculated from a set of ten inflow slopes 
as already described. For comparison there is a second histogram of the muscle 
blood flows calculated from the total flows. The mean of the observed flows 
is 3-2 ml./100 ml. forearm/min, and that of the muscle flows is 2-9 ml./100 ml. 
muscle/min, The range of muscle blood flows is less than that of the observed 
total blood flows. 

Oxygen consumption 

The Fick principle was used for estimating O, consumption, thus O, con- 
sumption =A-V. O, difference x rate of flow of blood. Using the conventional — 
units this becomes ml. 0, consumed/100 ml. muscle/min=A-V. 0, differ- 
ence/ml. blood x ml. blood flow/100 ml. muscle/min. 

In practice all A-V. O, differences were worked out as so many ml./100 ml. 
blood, so had to be divided by 100 to fit this form of equation. | 
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Fig. 5 is a histogram of the 174 individual estimations made on the sixteen 


subjects during these investigations. The mean 0, consumption was 0-24 
ml./100 ml. muscle/min and the range was from 0-09 to 0-52 ml. 


60 Fr 


Total flow 
Mean 32 


No.of observations 
a 


Blood flow (mi./100 ml. tissue/min) . 


Fig. 4. Histograms of observed forearm blood flows and the calculated muscle blood flow. 
40r- 
Mean=mode=024 mi. 0.,/100 ml. tissue/min 


$.0. =007 mi. 02/100 mi. tissue/min 
\ 
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Oxygen consumption (ml.0./100 ml. tissue/ min) 


So 


Fig. 5. A histogram of the 174 individual estimations of 0, consumption of muscle 
obtained during this work, | 
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Table 1 gives the mean result for each experiment on each of the sixteen 

_ subjects. The scatter of the results that is shown in Fig. 5 is seen to be due in 

part to differences between repeat experiments and between the two arms on 
one subject, and to differences between subjects. 


Taste 1. Mean O, consumption (ml./100 ml. muscle/min) found for each experiment on 
each of sixteen subjects, divided into right and left arms 


Right arm, Left arm, 
Subject no. mean mean 
1 0-18 0-16 
0-21 0-25 
0-23 0-15 
| 0-20 0-29 
0-23 
3 0-23 0-12 
4 0-31 0-24 
0-42 
0-36 _ 
5 0-24 0-25 
0-22 — 
7 0-25 0-26 
0-23 0-30 
0-25 
8 0-36 0-38 
9 0-19 0-27 
10 0-18 0-24 
0-24 
1] 0-19 0-29 
12 0-12 
13 0-20 
— 0-30 
| 14 + 0-19 
0-17 
15 0-26 
16 a 0-34 


- Any one estimation is subject to an error of up to 0-03 ml. 0,/100 ml. 
muscle/min, due to faults in estimation of blood flows and A-V. O, differences. In 
) the sixty-five individual estimations made on subjects nos. 1, 4 and 7, fifteen 
estimations deviated from their respective experiment means by more than 
this amount, 


DISCUSSION 

The estimation of ‘muscle’ blood flow from total forearm flows is an approxi- 
? mation, asis stated by Cooper et al. (1954, 1955). Asa result, any one estimation 
of O, consumption may vary by +30%, from the true value at that time. To 
_ obtain an approximation to the true 0, consumption, several individual esti- 
mations have to be made and their average taken. This procedure will tend to 

reduce errors arising from this source. 
On the basis of the radiographs taken in each experiment there was usually 
| no doubt about the site of the catheter. In six of the experiments the position 


of the catheter tip could not be allocated to either the deep or the superficial 
18 PHYSIO. CXXVIII 
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tissues. Results from these —- have been excluded from one 
reported here. . 
The tissues drained by the veins can be classified as (1) 
tissues, (2) forearm skin, (3) forearm muscles (treated as 1 unit of tissue), and 
(4) forearm bones, tendons, nerves, fat, etc. The hand was excluded from the 
circulation for nearly 5 min before blood samples were taken, so it need not 
enter into consideration as being a possible site of samples taken in these 
experiments. 

The results of the eighteen experiments in which samples of blood were 
taken with wrist cuff free show that, in those conditions, hand venous blood 
flows in the venae comites of radial and ulnar arteries, but not in those of the 


interosseous artery. In the two experiments in which adrenaline iontophoresis . 


was successfully carried out there was no evidence that blood passed from the 
skin into the deep veins of the forearm. ‘ 

For the purpose of the calculation of muscle oxygen consumption, it has 
been assumed that the venous blood sampled represents pure muscle venous 
blood. In fact about 10% (Cooper et al. 1955) may have come from the sup- 
porting tissues, etc., so the 0, consumption figures recorded here should be 
those for all deep tissues of the human forearm. Furthermore, it had to be 
assumed that all muscle tissue of the forearm used O, at the same rate. 


In some cases, the between-experiment variation observed in one subject _ 


might be due to different veins being sampled on the different occasions, but 
variation as great sometimes occurred when the catheter was in ‘the same 
position in the repeat studies on one subject. The within-experiment and the 
between-experiment variations were sometimes as much as 0-06 ml. 0,/100 ml. 
tissue/min from their respective mean values. These changes could be due to 
local factors, such as change in tone of the muscle, or be part of a general change 
in the metabolic rate of the subjects, or, in part at least, to faults in measure- 
ment, which may give rise to an error in estimation of 0-03 ml. above or below 
the correct value. 

The values estimated by other workers are shown in Table 2, together with 
those presented here. 

It will be observed that the results found in the present work are higher than 
any found before for man. Holling’s experiments were performed with a 
plethysmograph water temperature of 30° C, at which a substantial cooling 
of tissues. is known to occur. The chief difference in the two sets of observa- 
tions was the low. blood flows found by Holling. Furthermore, his blood 
samples, though taken from the deep branch of the median cubital vein, were 
from the subcutaneous portion of this vessel, before the valves could pre- 
vent mixing of the blood samples with isis derived from the skin passing up 
the superficial branch of the vein. 

: Nisleon has stated in a oe communication concerning the work of 
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Jarisch & Gaisbéck (1929) and Asmussen et al, (1939) that he doubts whether 
their subjects could have remained at rest following the application of arterial 
occlusion cuffs to the thighs. This had to be maintained for at least 10 min in 
order to allow the collection of expired air samples sufficient to determine the 
| O, consumption of the subject. The actual falls in consumption observed were 
about 22 ml. O,/min from the levels found before the legs were cut off from the 
circulation. On the basis of 0, consumption at the rate of 0-24 ml. 0,/100 ml. 
tissue/min, the fall in respiratory O, intake should have been 26 ml. — 
which is ouily 4 ml. higher than that reported by these workers. 


TaBLE 2. Estimation by various authors of the 0, consumption of skeletal muscle, using 


different techniques 
O, consumption 
* ml./100 ml. 
Author Material Method tissue/min 
Holling (1939) Forearm Blood flows and ante-cubital 0-12 
| vein samples 
& Gaiebick Legs Reduction in 0, consumption 0-18 
Asmussen, Christensen & poll ce legs 
“Nielsen (1989) Lag 0-17 
Gesen (1950) Human Calculated from blood flows 0-18 
| ‘muscle and femoral A-V. oxygen 
differences 
Mottram Forearm Blood flows and deep vein 0-24 
samples 


_ Green’s figure (1950) depends on the 0, content of venous blood draining 
both skin and muscle. In fact the figure of 6 vol.°% which he gives for A-V. O, 
difference can be seen to be midway between the values for deep and superficial 
veins obtained in the present work. 

The total muscle mass is approximately 40% of body weight. If the mean 
/ QO, consumption value of 0-24 ml./100 ml. tissue/min applies to the whole 
mnie mass, then the total 0, consumption attributable to skeletal muscle in 
a 70 kg man =67 ml./min. This approaches 25 % of the O, consumption of the 
whole body at rest. On the basis of Holling’s figure the skeletal muscles would 
account for 12% of O, consumption of the ied and on those of other workers, 
about 17%. 

SUMMARY 

1. Methods » are presented for recording blood flows in human ‘anaes with 
simultaneous collection of blood samples from the deep weed superficial veins 
of the forearm. 

2. The O, contents of these samples were estimated and the arteriovenous 
(A-V.) difference for deep veins was 8-5 vol. % and for superficial veins about 


4 vol, 9 
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3. From the A-V. difference of samples and the corresponding blood flow 
records (converted to ‘muscle’ blood flow) the 0, consumption of human fore- 
arm muscle has been calculated. The mean value obtained for 174 estimations 
on sixteen subjects in forty experiments is 0-24 ml. 0,/100 ml. tissue/min and 
the s.p. =0-07. 


I wish to thank Dr O. G. Edholm and Dr K. E. thi 
work, Mr T° R. Emerson for his technical assistance, and those students of St Mary’s Hospital 
Medical School, and others who acted with much forbearance as subjects for these experiments. 
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THE EFFECTS OF ACETYLCHOLINE IN THE HEART-LUNG 
PREPARATION INCLUDING THE PRODUCTION OF 
AURICULAR FIBRILLATION 


By J. H. BURN, E. M. VAUGHAN WILLIAMS anv J. M. WALKER 
From the Department of Pharmacology, University of Oxford 
(Received 25 October 1954) 


In a recent paper a description was given of the effect of adding various in- 
hibitors of cholinesterase to the blood circulating through the Starling heart- 
lung preparation of the dog (Burn & Walker, 1954). Concentrations of 10-* mu — 
to 10-5 m of eserine and other inhibitors reduced the rate to 60-70% of the 
initial value and the reduction was abolished by very small amounts of atro- 
pine. Since central control is absent in the heart-lung preparation these results 
suggested that acetylcholine (ACh) formed locally in the heart was influencing 
the rate, since it was slowed in the presence of inhibitors of cholinesterase of 
widely differing structure. | 

The action of ACh in the heart-lung preparation has now been studied both 
when the heart was beating spontaneously and when the rate was controlled 
by electrical stimulation of the auricle; auricular and ventricular rates were 
measured from electrocardiograms. Observations have been made on the 
effect of ACh on the heart rate and output and on the production of block. 
In the course of the work we found that we were able to produce and to stop 
auricular fibrillation at will. 

Fibrillation has been produced by many methods. Rothberger & Winter- 
~ berg (1910) produced. it by rapid stimulation of the auricles in the heart 
usually treated with nicotine, but sometimes untreated. Lewis, Feil & Stroud 
(1920) induced flutter by rhythmic stimulation of the auricles rising to a critical 
rate between 350 and 500 per min. de Boer (1921) produced ventricular 
fibrillation in the heart of the frog by applying a single induction shock at the 
beginning of the excitable period after a previous contraction. Andrus & 
Carter (1930) produced auricular fibrillation in the dog’s heart by a single 
stimulus introduced shortly after the end of the refractory period during vagal 
stimulation. Brams & Katz (1931) induced auricular flutter and fibrillation by 
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short faradic stimulation applied to the right auricle of the dog. Wiggers & 
Wegria (1940) produced ventricular fibrillation in the dog by a single induction 
shock applied during the ‘vulnerable’ phase of ventricular systole, which was 
again shortly after the end of the refractory period. Nahum & Hoff (1940) 
produced auricular fibrillation by application of acetyl-8-methylcholine 
chloride to localized regions on the auricular surface. Rosenblueth & Garcia 
Ramos (1947) produced auricular flutter by brief rapid electrical stimulation 
near a crushed area on the right auricle. Scherf, Romano & Terranova (1948) 
produced flutter and fibrillation by the injection of a dilute solution of aconitine 
into the dog’s auricle or by the application of crystals of aconitine to the surface. 
Scherf & Chick (1951) showed that when a 5% solution of acetylcholine was 
applied to the area of the sinus node flutter or fibrillation started immediately. 
Dawes & Vane (1951) produced repetitive discharges in the isolated auricles of 
guinea-pigs by stimulating the preparation at a rate slightly greater than 
the normal rate, and throwing in another stimulus after every fourth beat. 
When this fell just outside the absolute refractory period the auricle = 
by repeated discharges at a much greater rate than the normal. 

It is clear, therefore, that flutter or fibrillation can be precipitated in a 
number of ways. In many of the experiments mentioned above the pheno- 
menon was not regularly observed, nor, when the condition was induced, could 
its cessation be controlled. Perhaps the main points of interest concerning the 
technique described in this paper are that fibrillation could sities a be induced, 
and could dieses ewrnid be turned off or on at will. 


METHODS 

The preparation was made by the method described by Knowlton & Starling (1912). Two dogs 
were used for each experiment, The first was anaesthetized with ether and its blood was collected 
from the carotid artery. The second was also anaesthetized with ether, and some blood was with- 
drawn and added to the blood of the first, to form a reservoir for the experiment. The preparation 
of the heart-lung in the second dog then proceeded under chloralose (0-07 g/kg), but, since the 
reservoir blood used during the experiment had been exposed only to ether (which was soon 
removed in the expired air), the final concentration of anaesthetic consisted of probably less than 
70 mg chloralose/l. blood. The venous reservoir, which was immersed in a constant temperature 
bath, contained an overflow tube above which the level of blood could not rise. The overflow tube 
led the excess blood to a second reservoir placed below the first; it was then returned to the top 
reservoir by a Dale-Schuster (1928) pump. Thus a constant venous pressure was ensured, The 
blood was prevented from clotting with heparin (Boots) 5000 units/l. The temperature in the 
venous cannula was recorded at 5 min intervals throughout each experiment, and the heating 
of the bath was adjusted to keep it constant. 

Electrocardiograms (e.c.g.) were taken on a Cossor machine, model 1314, which employs 4 
Kelvin-Hughes pen writing directly on Teledeltos paper. The leads were attached to the right and 
left forelegs and the left hindleg after removal of some skin. The auricles were made to beat at any 
required frequency by means of a square-wave stimulator of fairly conventional design. Constant 
current pulses of duration 0-9 msec and strength 1 mA were employed. The stimulator had two 
independent channels, each variable with respect to frequency, delay, duration and strength. It 


Fe 


4 
ga 
| 
4 
a ut 
e = 4 
The 
BS 
ink 
> 
in 
4 wh 
& Ci 
a m 
f 
ra 
r 
els 
4 
0 
g 

in 
t 

a 
th 
iz 
nh 
“an 
t 
on 
0 
t 
Ve 


ACETYLCHOLINE .AND AURICULAR FIBRILLATION 279 
was thus possible to send a second pulse, synchronized with the stimulus driving the auricle, to 
a separate pen placed at the edge of the electrocardiograph paper. 

e electrodes first used were a pair of fine fish-hooks which pierced the auricular tissue. They 
were later replaced by electrodes fixed on each side of the upper jaw of a spring clip which gripped 
the tip of the right auricle. The electrodes were made of rounded platinum wire alrhost flush with 
the insulating material in which they were embedded. The spring of the clip was sufficiently strong 
to prevent any movement of the electrodes due to the contractions of the auricle. 

Artifacts due to the stimulus were prevented from reaching the e.c.g. trace by the employment 
of a specially wound isolation transformer designed to give low capacitance to ground in spite of 
being able to handle fairly large currents. A certain amount of ring was encountered originally, 
but was reduced to unimportant levels by means of a suitable shunt resistance. To apply the 
electrodes to the right auricle, a triangular piece of pericardium of side about 2 cm was removed. 
_ The pericardium was not disturbed over the rest of the heart. For infusion of solutions of ACh 
into the blood, we used an apparatus similar to that described by Burn & Dale (1924). A burette 
was almost filled with the solution. Above it liquid paraffin entered the burette through a tube 
in the rubber stopper closing the burette. The liquid paraffin came from a Marriotte bottle in 
which it was under a known air pressure. Grooves in the ground glass of the burette tap provided 
a capillary of variable length which made it possible to infuse at constant rates from 0-2-2-0 ml./ 
min. The solution entered the blood through a syringe needle piercing the rubber tube attached 
to the cannula in the superior vena cava. 


RESULTS 


Effect of ACh infusion on rate. To compare the effect of ACh on the natural 
rate of the heart with the effect of the inhibitors of cholinesterase described 
previously we infused a solution of ACh at a constant rate into the blood 
entering the cannula in the superior vena cava. Observations were made in 
eight preparations, and the results are given in Table 1. For example, five 
observations were made in which ACh was infused at the rate of 400 wg/min. 
The heart rate was unchanged in two of the observations and slightly reduced 
in three; the heart rate during infusion is shown in Table 1 as a percentage of 
the rate before infusion. The mean value of the five observations. was 95%. 
Table 1 shows that the infusion of ACh had little effect on the heart rate in 
amounts up to 400 yg/min. In one experiment the very large amount of 
1-6 mg/min was infused. This reduced the heart rate from 146 to 114/min, 
that is, to 77% of the initial value. In the earlier paper (Burn & Walker, 
1954) it was shown that the addition of eserine 3 x 10-* m or 1 mg/l., reduced 
the rate to a mean of 67%, of the initial value in seven experiments. 

In two experiments we tested the effect of ACh on the heart rate both before 
and after the addition of hexamethonium to the blood. In the first experiment 
5 mg was injected and in the second 10 mg was injected, the total volume of 
blood being 1 1. The slowing produced by ACh infused at increasing rates was 
not appreciably modified by the hexamethonium. 

Effect of ACh on the output. We measured the output directly by collecting 
the blood in a measuring cylinder for periods of 15 sec. To determine the effect 
of ACh on output we kept the heart rate constant by stimulation, and tested 
the effect of infusing ACh both before and after adding hexamethonium. 
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Observations taken from seven experiments are shown in Table 2 and when 
the figures in the last column are compared with those in the last column of 
Table 1 it is clear that ACh diminished output to a greater extent than it 
diminished the spontaneous rate. In any one experiment the fall in output was 
proportional to the rate of infusion. In different experiments, however, the 
effect on output varied greatly for the same rate of infusion, and in consequence 
the figures for the mean percentage were not graded according to the amount 


TaBLe 1, Effect of ACh infusion on heart rate 


Heart rate during seme ion as 
percentage of initial rate. 

Amount infused Figures from different Mean 
(g/min) experiments percentage 
50 92. 

100 100, 100, 94, 97, 100 98 

200 96, 100, 85, 85, 92 92 

100, 95, 95, 100, 84 95 

800 BB, 92, 86 88 

1600 77 17 


TaBLE 2. Effect of ACh infusion on systemic output, determinations made at constant rate 


al Output during ion as 
e percentage of initial output. 
Amount infused Figures from different Mean 
(ug/min) experiments percentage 

60 68, 83 75 
94-133 79, 86, 33, 80, 70 69 
184-236 80, 41, 64 62 
364-400 66, 87, 100 84 
800 81, 46 63 


infused. However, the mean of the figures in the last column of Table 1 is 90, 
while the mean of the figures in the last column of Table 2 is 70. When hexa- 
methonium was present in amounts up to 10 mg/l., the effect of ACh on output 
was not modified. 

Aurvwulo-veniricular (A-V) block produced by ACh. In six out of fourteen 
experiments in which infusions of ACh were made, the infusion produced a 
fluctuating A-V block. This is illustrated in Fig. 1 which shows the record of 
the pressure in the brachio-cephalic artery obtained after the addition of 10mg 
hexamethonium to the blood in the reservoir. This addition was without effect. 
In Fig. 1a ACh was infused at the rate of 52 ug/min. The intermittent fall in 
the blood pressure was due to a transitory 2:1 block which reduced the 
ventricular rate to half. At the beginning of the infusion the heart rate was 
153; it fell to 135 and then to 128, and at this point the block began; for the 
duration of 4 beats the ventricular rate fell to 64; for the next 25 beats the 
block was absent and the ventricular rate rose to 128; then again for 5 beats 
the ventricular rate fell again to 64, and so on. In Fig. 16 the duration of the 
2:1 block was longer, and in Fig. 1c it was still longer. Thus the following 
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sequence was observed on the electrocardiogram; V (ventricular rate)=A 
(auricular rate) for 8 beats; V =4A for 21 beats; V =A for 12 beats; V=}A for 
21 beats; V=A for 10 beats. Finally, in Fig. 1d, when the rate of infusion was 
_ 240 g/min there was not only a 2:1 block for most of the time, but a 4: 1 
block also began to make its appearance. The change from 1 : 1 to 2: 1, then 
to 4: 1 and back to 1:1 nevertheless continued. The block was always as- 
sociated with a prolongation of the P-R interval. 


/ min 


Fig. 1, Dog heart-lung preparation. Record of pressure in the brachio-cephalic artery during the 
infusion of ACh into the superior vena cava. The effects were all observed after the addition _ 
of 10 mg hexamethonium to the blood in the reservoir. (a) Infusion of 52 pg/min caused 
fluctuating block when the ventricular rate fell to half for short periods; (6) infusion of 
111 yg/min led to block of longer duration; (c) infusion of 144 yg/min and (d) infusion of 
240 pg/min introduced a transitory 4 : 1 block; (e) infusion of 40 »g/min which did not cause 
block. Stimulation applied at increasing rates from 122/min upwards, At the rate of 288/min, 
the e.c.g. showed that the auricles were fibrillating; fluctuations in the ventricular rate still 
occurred and caused the changes in blood pressure. Fibrillation stopped when the infusion 
of ACh was stopped. 


In experiments in which the infusion of ACh did not produce a block when 
the heart rate was determined by the pacemaker, a block was produced when 
the heart was driven electrically. This is illustrated in Fig. 2 which is an e.c.g. 
taken during the infusion of ACh at the rate of 13 »g/min and when stimulation 
was applied at 150/min. In the first half of Fig. 2 there was a 2 : 1 block, which 
then gave way toa 1 : 1 rhythm for six beats, and then the 2 : 1 block returned. 

The depression of A-V conduction by ACh could be shown in another way. 
Before the infusion of ACh was begun, the auricle was stimulated at increasing 
rates. Starting at a point just faster than the spontaneous rate, the rate was 
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increased in steps of approximately 10%,.the auricle being allowed.to beat for 
about 40 sec at each rate. At the lower rates the ventricle followed the auricle, 

so that a ratio of 1 : 1 was maintained. But at a certain point (255/min in the 
experiment of Fig. 3), which varied greatly in different dogs, but which re- 
mained fairly constant in successive runs on the same dog, the ventricular rate 


Fig. 2. E.c.g. during infusion of ACh at rate of 13 yg/min, showing fluctuating block caused by 
stimulation at 150/min. The time of arrival of the stimulus corresponds to the point at which 
a line drawn at right angles to the edge of the paper through the stimulus mark cuts the 
centre line of the e.c.g. trace. E.c.g. te this and 


150 200 250 300 - 350 400. 450 


Fig. 3. Effect of ACh in producing A-V block. Abscissa: rate of stimulation of auricles per min. 
Ordinate: ventricular rate per min. In control observations the ventricles followed the 
auricles up to 255/min. As the driving rate rose further the ventricular rate fell until a 
2: The 2: 1 rhythm was maintained up to 400/min etc. 
See text. 


fell, while the auricular continued to rise. That is to say, at regular intervals 
which became shorter the higher the rate of stimulation, an auricular beat was 
not conducted to the ventricles, For any one rate of stimulation the intervals 
were constant, so that the percentage of auricular beats which were followed 
by ventricular beats did not fluctuate as in the block described in the preceding 
paragraph. Fig. 3 shows that when stimulation was 330/min the ventricular 
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rate fell to half the auricular rate and remained at this proportion up to 
400/min, above which it again fell to a slightly lower proportion. 

When the stimulation was repeated during the infusion of a solution of AOh 
the maximum rate at which the ventricles followed the auricles was lower, and 
the fall in ventricular rate took place at lower rates of stimulation. The rate at 
which a 2:1 block became established was 300/min instead of 330/min. 7 

A large number of observations on the effect of ACh infusions was made in 
this way and these have been summarized in Table 3. The effect of ACh was 
extremely variable from one experiment to another. For example, in three 
experiments an infusion was made at a rate between 184 and 200 yg/min. In 
one of these the rate of stimulation above which the ventricle failed to follow 
every contraction of the auricle fell by 50 beats/min (from 272 to 222 beats/ 
min) in the presence of ACh. In another the rate did not fall at all in the 
presence of ACh. The same variation from one experiment to another was seen 
when the rate of infusion was from 364 to 400 g/min. 


Taste 3. Effect of ACh infusion on A-V conduction 
Fall in maximum rate of Fall in minimum rate of 


Rate of infusion stimulation at which Mean - stimulation at which | Mean 
(ugimin) V=A (beats per min) fall V=}A (beats per min) fall 
40-60 30, 0 27 
94-100 16, 0, 4, 9, 2 6 46, 0, 38, 24, 0 22 
184-200 14, 50, 0 2 4, 88, 28 oO 
364—400 15,117,0,22 38 61, 98, 0, 42 50 
800 45 72 
1 


1728 138 


Aurtcular fibrillation. In the earlier experiments in which fish-hook electrodes 
were used for stimulation, rates of stimulation up to512/min and 680/min caused 
auricular fibrillation in two experiments respectively. It seemed possible that 
the injury of the auricle was responsible for the fibrillation, and the spring- 
clip electrodes already described were used thereafter. With these electrodes 
stimulation at rates up to 600/min did not cause auricular fibrillation in any 
experiment. When the electrodes were removed from the auricle after a — 
of 2 hr only a minor bruising indicated the site of attachment. 

We found, however, that even with these electrodes, producing no sevherwit 
injury, auricular fibrillation could be produced at will, if the auricles were 
stimulated at a fast rate in the presence of an appropriate concentration of 
acetylcholine. Once the fibrillation was established, turning off the stimulus 
had no effect, and the fibrillation continued until the infusion of ACh was 
stopped or greatly reduced. In Fig. le ACh was infused at a rate insufficient 
to cause the fluctuating block shown in the earlier sections of Fig. 1, and 
stimulation began at the rate of 122/min. The rate was increased without 
stopping stimulation by steps of about 10 beats/min, up to 134, which is the 
first rate marked in the figure, and then further as shown by each spot until 
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the rate of 288/min was reached. 199/min was the rate above which the ven- 
tricle ceased to follow all beats, and 230/min was the rate at which a 2: | 
rhythm began. At 288/min the auricles began to fibrillate, and the fibrillation 
continued when the stimulation was stopped. After 14 min the infusion of 
ACh was stopped and after 38 ventricular beats the normal rhythm returned. 

In another experiment stimulation at rates up to 384/min did not cause 
fibrillation during the infusion of ACh at 96, 184 and 364 wg/min. However, 
fibrillation occurred during the infusion of 800 g/min when the stimulation 
reached the rate of 222/min. It continued when the stimulation stopped, but 
when the infusion stopped the normal rhythm returned. Fig. 4 shows what 


Fig. 4. Blood pressure record of heart-lung preparation. Auricular fibrillation occurred during 
the infusion of ACh at 800 g/min when stimulation was applied at the rate of 200/min. 
When the infusion of ACh was stopped the fibrillation stopped although the stimulation 
the injection of 20 yg atropine. 


happened after this. The infusion was restarted and fibrillation began again 
when the stimulation rate was 200/min. Arrest of the infusion of ACh stopped 
the fibrillation, although the stimulation continued, and then the restart of 
the infusion for a third time brought back the fibrillation. The injection of 
20 wg atropine then stopped the fibrillation although the infusion of ACh and 
the stimulation both continued. 

Regular production of fibrillation. By stimulating the auricles during the 
infusion of ACh we have produced auricular fibrillation in eleven experiments 
and we have had no failures. Once the fibrillation began it continued so long 
as the infusion of ACh continued, even for as long as 1-5 hr. When the infusion 
was stopped the auricles always reverted to a normal rhythm, The only limit 
to the length of time for which the fibrillation was maintained was the condi- 
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tion of the preparation; when lung oedema occurred the experiment naturally 
could not continue. In one preparation used in a demonstration to the 
Physiological Society, fibrillation was produced and stopped 6 times. — 

The procedure can be followed from Figs. 5-7. In Fig. 5, part 1, before in- 
fusion of ACh and without electrical stimulation the rhythm was regular at 
165/min. In Fig. 5, part 2, infusion of ACh at 400 g/min produced block; five 
auricular waves were not followed by ventricular complexes, and one auricular 


Fig. 5. E.c.g. (1) Normal rhythm. (2) Block produced by infusing ACh at 400 yg/min. An 
auricular beat was missed at the arrow. (3) Block during infusion of 200 ug/min. (4) Infusion 
of ACh 100 yg/min without block. Dots denote stimulation (117/min). Fibrillation began 
after 7th stimulus. (5) and (6) Fibrillation continued though stimulation was stopped. 
(7) Reversion to normal rhythm at arrow after infusion was stopped. Note flutter before 
reversion to normal rhythm. Leads right foreleg, left hindleg. 


wave was missing (at the arrow). In part 3 the infusion of ACh was reduced to 
200 »g/min and the block became 2:1. In part 4 the infusion of ACh was 
reduced further to 100 g/min, so that block was absent, the heart rate being 
128/min. Stimulation then began at the slower rate of 117/min, and fibrillation 
was seen after the 7th stimulus. In part 5 the stimulation was stopped but the 
fibrillation continued. In part 6 the fibrillation continued with a slower ven- 
tricular rate. The infusion was stopped and in part 7 the fibrillation was con- 


__ verted to the normal rhythm. The first normal contraction was followed by an 


extra-systole and then at the arrow normal rhythm began. 

In another preparation which was more sensitive, the infusion of 8-5 yg 
ACh/min caused a fluctuating block when stimuli were applied at 376/min. 
When stimulation was 562/min the block was 4:1. In spite of the block, the 
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rate of ACh infusion was raised to 11 yg/min and stimulation at rates up to 
563/min was tried again. The ACh infusion was then increased to 22 ug/min, 
to 35 g/min, to 55 »g/min, to 85 wg/min and finally to 165 ug/min, stimula- 
tion being applied at rates up to 562/min at each of the rates of infusion. 


the 


Fig. 6. E.c.g. Stimulation indicated by dots at the rate of 562/min. In (1) ACh was infused at 
55 pg/min. In (2) the rate of infusion was 85 yg/min and in (3) 165 wg/min. In (1) and (2) the 
auricles followed the applied stimuli. In (3) the auricles partly followed, but fibrillation was 

visible in places. In (4) when the stimulation stopped the auricles were fibrillating. In (5) 
fibrillation continued. ACh was then turned off. In (6) the ventricular rate increased and in 
(7) there was a normal rhythm. 


Parts 1, 2 and 3 of Fig. 6 show the e.c.g.’s taken during infusion at 55, 85 and 


165 g/min respectively, when stimulation was applied at 562/min. In part 1, 
the auricles clearly followed each stimulus; in part 2 the auricles still followed, 
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but the auricular spikes were less well marked, and in part 3 the auricular 
spikes were sometimes following, but there was a background of fibrillation as 
well. In part 4 the mixture of obedience to the applied stimulus and of fibrilla- 
tion was made evident when the stimulation was stopped, for only fibrillation 
remained. In part 5 the fibrillation continued. The infusion of ACh was then 
stopped with the resulting increase in ventricular rate seen in part 6 and the 
return to normal rhythm seen in part 7. In this experiment fibrillation was 
produced’ again and it continued for 45 min, during the infusion of ACh. 


Fig. 7. E.c.g. Infusion of ACh at 2-4 mg/min. In (1) the last normal PRZ' is shown before 
stimulation began at 570/min. Fibrillation occurred after the 2nd stimulus, continuing in 
(2) when stimulation was stopped. In (3) the rate of infusion of ACh fell, the fibrillation 
turning to flutter. In (4) the rate of infusion was restored to 1-5 mg/min and fibrillation was 
seen again. (5) was 30 min after (4). (6) was 53 min after (5). Return of normal rhythm 
after 1-5 hr in (7) when ACh was turned off. ) 


_ The records in Fig. 7 have been included for three reasons. As shown in 
part 1 fibrillation occurred after the application of the second stimulus; indeed 
possibly after the first. Between parts 2 and 3 the rate of ACh infusion was 
reduced in changing from one infusion apparatus to another, with the result 
that the fibrillation seen in part 2 changed to the flutter seen in part 3; on 
raising the infusion rate to 1500 g/min fibrillation returned as seen in part 4. 
Finally fibrillation was maintained by ACh infusion for 1} hr, part 5 being 
30 min after part 4, and part 6 being 53 min after part 5. The infusion of ACh 
was then stopped and normal rhythm returned as shown in part 7. Fibrillation 
was started again twice more by turning on the infusion and stimulating the 
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auricle. In this experiment an attempt was made to induce fibrillation by 
throwing in a single stimulus, since in two experiments we observed that the 
second of a series of stimuli started fibrillation. The single stimulus was un- 
successful perhaps because it did not arrive at the right moment; a series of 
stimuli were, however, effective. 

The figures for the amounts of ACh infused per min and the rates of stimula- 
tion per min necessary to cause fibrillation in the different experiments are 
given in Table 4. The amounts of ACh were those infused at the onset of 
fibrillation. In those experiments in which fibrillation was maintained for some 
time we found that the rate of ACh infusion could be reduced as the experi- 
ment continued without a reversion to normal rhythm. For example, in the 


TaB_zE 4, Production of auricular fibrillation 
Amount of ACh Rate of stimulation 


infused (g/min) per min 

40 288 
112 117 
165 562 

200 98 
200 266 
800 100 
800 222 
800 384 
1600 214 
2400 570 
3200 85 


experiment in which the rate at the onset was 165 pg/min, the infusion of — 


17 »g/min was later sufficient to maintain the fibrillation. By watching to see 
if fibrillation was changing to flutter and if ventricular spikes were becoming 
very frequent it was possible to know whether the rate of infusion of ACh had 
been reduced too far, and if so to increase it once more, and so to re-establish 
the fibrillation. 


DISCUSSION 
For the study of factors affecting the heart beat, the heart-lung preparation 
offers several advantages. It works without an anaesthetic, it is free from 
central nervous control, it is free from hormonal influences, and it is free from 
an external vascular system other than the pulmonary vessels. Thus it is 


possible to test the action of acetylcholine in amounts which could not be © 


given to the whole animal. The results showed that even large amounts of 
acetylcholine had very little effect on the heart rate, but had more effect in 
reducing the systemic output. : 
Acetylcholine also depressed A-V conduction as was shown in two ways. 
First it was observed that it produced a fluctuating block in six experiments 
out of fourteen when the heart rate was controlled by the pacemaker. The 
rates of infusion which had this effect varied from 13 yg/min to 3-2 mg/min. 
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The fluctuations were difficult to understand since the rate of infusion was 
constant. It is, however, possible that the fluctuations were due to changes in 
the rate at which the blood passed through the heart. When block occurred, 
the ventricular beats became less frequent, so that the transfer of blood from 
the venous cannula to the right auricle must have been slower. Hence there 
would be more time for the cholinesterase in the blood to reduce the concentra- 
tion of ACh present, and therefore the block might pass off, to return again as 
the ventricular rate quickened. 

Secondly, the effect of acetylcholine on A-V conduction was evident when 
the heart was driven electrically at an increasing rate. At the lower rates, the 
ventricles followed the auricles; above a certain rate the ventricular rate 
gradually fell as the auricular rate rose until the ventricular rate was half the 
auricular rate. When the observations were repeated during an infusion of 
acetylcholine at a rate insufficient to produce the fluctuating block already 
described, the rate of stimulation at which the ventricles ceased to follow the 
auricles was lower; a 2 : 1 block was also established at a lower rate. But it was 
noteworthy that the effect of acetylcholine was extremely variable. Rates of 
_ infusion as high as 800 g/min while having a large effect in one experiment 
had almost none in the next. One explanation that suggests itself is that the 
amount of circulating cholinesterase varied greatly in different dogs. 

When the auricles were stimulated electrically it was always possible to find 
an amount of acetylcholine and a rate of stimulation which together produced 
auricular fibrillation. Once fibrillation began it continued, although the 
stimulation was stopped, and persisted so long as the acetylcholine was infused. 
As has been stated, in our early experiments we used fish-hook electrodes, and 
we produced auricular fibrillation with them on two occasions by stimulation 
alone. When electrodes which were carried on a spring clip were substituted 
for the fish hooks, we did not observe fibrillation in any experiment as a result 
of stimulation up to 600/min. We, therefore, suspected that when electrodes 
were used which caused trauma, as the fish-hook electrodes did, fibrillation 
was more liable to develop as a result of the trauma. When we used electrodes 
which caused less trauma, auricular fibrillation occurred in response to 
stimulation during the infusion of acetylcholine only. Fibrillation then often 
followed the application of a few stimuli. 

Since in the experiments of de Boer (1921), Andrus & Carter (1930) and of 
Wiggers & Wegria (1940) only one stimulus was needed to cause fibrillation 
provided it was applied at the right moment, it is probable that a few stimuli 
were necessary in our experiments in order that one of them should be suitably 
timed. If this is so we must then seek to answer the question why a single 
stimulus applied to an auricle exposed to the action of acetylcholine should 
cause fibrillation. To attempt to answer it we must consider what is known of 
the _ played by aoriytahalina. ‘In 1887 Gaskell showed that when he 
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recorded the demarcation current of the injured auricle of the tortoise heart, 
stimulation of the vagus nerve caused a large increase in the current. Burgen 
& Terroux (1953) recently found that acetylcholine produced a state of hyper- 
polarization in strips of cat’s auricular muscle, thus supporting Gaskell’s result. 
The question arises whether there is any evidence that hyperpolarization 
facilitates the appearance of fibrillation. Of obvious relevance is the work of 
Harris & Moe (1942) who showed that anodal polarization of the dog’s ven- 
tricle by a constant current led to discrete ectopic beats which were -sdahign 
by fibrillation. 

The factors concerned in ee production of fibrillation may be a pnstitine 
of the refractory period by the acetylcholine, and also the appearance of a 
supernormal phase of excitability, first demonstrated in cardiac tissue by 
Adrian (1920). The importance of the supernormal phase was emphasized by 
Segers (1947), who studied the effect of applying electrical stimuli to the isolated 
left auricle of the rabbit which does not beat spontaneously. He showed that 
under the influence of adrenaline or of calcium a series of stimuli applied and 
then stopped would fire off a succession of spontaneous contractions and that 
the appearance of these contractions was related to the summation of succes- 
sive supernormal phases. Since, however, the contractions observed involved 
the auricle as a whole, their relevance to the condition of auricular fibrillation 
uncertain. 

The onset of fibrillation was not a sudden and complete event in all of our 
experiments. It was sometimes observed, for example, that with a fixed rate 
of stimulation the auricular waves diminished in size as the concentration of 
acetylcholine wasincreased, implying that fewer fibres were producing potentials 
in phase. With lower concentrations a full-sized auricular wave occurred in 
response to each stimulus; then with higher concentrations a fibrillation began 
to appear superimposed on the wave and the wave became smaller. The 
picture seemed to be explained by the view that fibrillation had begun in part 


of the auricles while the other part of the auricles continued to follow the — 


stimuli. When the stimulation was stopped, fibrillation only was seen. Re- 
introduction of the stimulus had no effect since those fibres which had been in 
phase with the stimulus were now also fibrillating. 

Rothberger & Winterberg (1915), and others since, have duce that vagal 
stimulation converts flutter into fibrillation. The converse of this was repeatedly 
seen in our experiments. When fibrillation had been established, and the 
stimulus withdrawn, if the ACh infusion was stopped or slowed, the fibrillation 
always passed into flutter before a normal rhythm was re-established. Full- 
sized auricular waves were seen, occurring at a fast rate and followed at 
varying intervals by ventricular complexes. 

The consequences of the presence of acetylcholine in the immediate environ- 
ment of cardiac muscle are many. The resting potential is elevated; the 
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refractory period is reduced; A-V conduction becomes depressed and block 
supervenes. In spontaneously beating isolated rabbit auricles, where A-V 
conduction is not involved, the presence of acetylcholine causes an increase in 
conduction velocity (Vaughan Williams, 1954). Measurements of potentials 
recorded from the inside of cat auricle fibres have shown that acetylcholine 
increases the rate of repolarization of the membrane after the —_— of the 
action potential (Burgen & Terroux, 1953). 

In spite of the detailed knowledge acquired concerning changes in dleliaery 
period, in conduction velocity etc. produced by acetylcholine, their relevance 
to changes in function is unknown. For the fact remains that, so far, only two 
functional changes produced by acetylcholine have been described, namely 
reductions in the rate and in the force of the beat. Our experiments in the 
heart-lung preparation, however, seem to have revealed a third functional 
effect. of acetylcholine, such that if a stimulus arrives in the presence of an 
appropriate concentration, fibrillation is precipitated. If this can be regarded 
as an increased excitability it is likely to be related in some way to the decrease 
in the refractory period and to the faster rate of repolarization of the membrane, 
but it is impossible to describe how at the present time. The production of an 
increased excitability is clearly a very different function from the reduction in 
rate and force of beat, and is in itself sufficient to show that the simple view 
that acetylcholine is merely inhibitory to the heart is incorrect. In the act of 
increasing excitability by some combination of the changes described, acety]- 
choline must be stimulating or certain phases of the 
mechanism. 

When we consider the heart as a functioning organ, the greater readiness of 
the auricle to respond to a stimulus in the presence of acetylcholine is clear. 
It is then a fact of prime importance that this effect, implying a decrease in the 
stability of the membrane, is produced by a substance which also slows the 
pacemaker, The effect of acetylcholine on the rate may thus be regarded as 
protecting the heart muscle from the dangers inherent in the production of a 
less stable membrane. If, however, the slowing effect on the rate is nullified 
artificially by driving the heart at a fast rate with electrical stimuli, then the 
danger is revealed and the membrane is thrown into an oscillatory condition ; 
either as flutter, when the auricular muscle oscillates as a whole; or as fibrilla- 
tion, when small groups of fibres oscillate individually. | 


SUMMARY 


1. The effects of infusing acetylcholine into the blood entering the heart- 
lung preparation of the dog have been investigated when the heart was beating 
normally and when it was driven electrically. An e.c.g. was taken and the 
outflow was measured. 
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2. The infusion of even large amounts of acetylcholine diminished the 
spontaneous rate only slightly, but it reduced the systemic cardiac output. 

3. The infusion of acetylcholine depressed A-V conduction; the degree of 
depression varied greatly in different experiments. 

4. The principal finding was that, during the infusion of acetylcholine, 
stimulation of the right auricle caused the onset of auricular fibrillation which 
continued when the stimulation stopped. The fibrillation persisted so long as 
acetylcholine was infused, and it was maintained for periods up to 1-5 hr. In 
all experiments fibrillation reverted to normal rhythm when the infusion was 
discontinued. The fibrillation was stopped by atropine. Fibrillation was pro- 
duced in all of eleven experiments. In the course of a single experiment 
fibrillation could be started and stopped several times. 


We wish to acknowledge the great help we have received from Mr H, W. Ling. (One of us 
cardiograph.) 


_ REFERENCES 


Apzgian, E. D, (1920). The recovery process of excitable tissues. J. Physiol. 54, 1-31. 

Anprvs, E. C. & Cartzr, E. P. (1930). The refractory period of the normally beating dog’s auricle 
with a note on the occurrence of auricular fibrillation following a single stimulus. J. exp. 
Med, 51, 357-368. 

DE Boss, 8. (1921). On the fibrillation of the heart. J. Physiol. 54, 400-409. 

Bras, W. A. & Karz, L. N. (1931). The nature of experimental flutter and fibrillation of the 
heart. Amer. Heart J.'7, 249-261. 

Buroen, A. 8. V. & Tzrrovux, K, G. (1953). On the negative inotropic effect in the cat’s auricle. 
J. Physiol. 120, 449-464. 

Bury, J. de Be Daz, H. H. (1924). On the location and nature of the action of insulin. J. Physiol. 
59, 164-192. 

Burn,J. H. .M. (1954). Anticholinesterases in the heart-lung preparation. J. Physiol. 
124, 489-501. 

Das, H. H. & Sonvusrsr, E. H. J. (1928). A double perfusion pump. J. Physiol. 64, 356-364. 

—— S. & Vanz, J. R. (1951). Repetitive discharges from the isolated atria. J. Physiol. 112, 
28 P. 


GasKELL, W. H. (1887). On the action of muscarin upon the heart and on the electrical changes in 
the non-beating cardiac muscle brought about by stimulation of the inhibitory and augmentor 
nerves. J. Physiol. 8, 404-415. 

Harris, A. 8. & Mos, G. K. (1942). Idioventricular rhythms and fibrillation induced at the anode 
or the cathode by direct currents of long duration. Amer. J. Physiol. 186, 318-331. 

Know roy, F. P. & Stanza, E. H. (1912). The influence of variations in temperature and blood 
pressure on the performance of the isolated mammalian heart. J. Physiol. 44, 206-219. 
Lewis, T., Fe, H.8. & Stroup, W. D. (1920). Observations upon flutter and fibrillation. Part II. 

The nature of auricular flutter. Heart, 7, 191-245. 

Nano, L. H. & Horr, H. E. (1940). Production of auricular fibrillation by application of acety!- 

B- — chloride to localized regions on the auricular surface. Amer. J. Physiol. 129, 


neni A. & Garota Ramos, J. (1947). Estudios sobre el flutter y la fibrilacion. IV. La 
naturaleza del flutter auricular y de la actividad lenta autosostenida del musculo auricular 
aislado. Arch. Inst. Cardiol. Méx. 17, 441-454. 

RorHBERGER, J. & WinTERBERG, H. (1910). Uber das Elektrokardiogramm bei Flimmern der 
Vorhife. Pfliig. Arch. ges. Physiol. 181, 387-407. 


J. & H. (1915). Uber Vorhofflimmern und Vorhofflattern. Pfliig. 


Arch. ges. Physiol. 160 


a 
“aa 
id 
x 
aa 
< 
be 
bee 
) 
ae 


ACETYLCHOLINE AND AURICULAR FIBRILLATION 293 


Scuzrr, D. & Cutox, F. B. (1951). Abnormal cardiac rhythms caused by acetylcholine. Circula- 
tion, 3, 764-769. 


Scuer¥, D., Romano, F. J. & Terranova, R. (1948). Experimental studies on auricular flutter 
and auricular fibrillation. Amer. Heart J. 36, 241-251. 
Srexrs, M. (1947). Le battement auto-entretenu du coeur. Arch. int. Pharmacodyn. 75, 144-156. 


E. M. The effect of acetylcholine on conduction velocity in isolated 
rabbit auricles. J. Physiol. 126, 3P. 


Wiaaers, C. J. & pag ata R. 1940). Ventricular fibrillation due to si 
condenser sho 


le localized induction and 
e vulnerable phase of ventricular systo 


Amer J. Physiol. 128, 


' 
ivan 
aS 
Ww 
& 
€ 
4 
“a 
oy 


294 
J. Physiol. (1955) 128, 294-309 


THE OXYGEN CONSUMPTION, ENERGY EXPENDITURE, 
AND EFFICIENCY OF CLIMBING WITH LOADS AT 
LOW ALTITUDES 


By J. V. G. A. DURNIN 
From the Institute of Physiology, University of Glasgow 
(Received 29 October 1954) 


Many well-controlled investigations on the metabolic results of exercise have 
been carried out under laboratory conditions. In sharp contrast is the dearth 
of similar experiments done in natural outdoor conditions. The present experi- 
ments were undertaken to find the consumption of oxygen and the expenditure 
of energy during actual climbing. The observations were made on the side of 
Ben Lomond in Scotland. The subjects were made to carry loads of different 
size, but were allowed to climb at their own pace. 

Up to about 1920, several reports had appeared in the literature on the 
metabolism during, and efficiency of, walking uphill, commonly known as grade 
walking. Many of these experiments were done out of doors (Schumburg & 
Zuntz, 1896; Loewy, Loewy & Zuntz, 1897; Biirgi, 1900; Durig & Zuntz, 1904; 
Durig, 1906; Douglas, Haldane, Henderson & Schneider, 1913), the majority 
being carried out at altitudes well above sea-level. Also, except in the experi- 
ments by Douglas et al., the apparatus was of the Zuntz type, the subject 
having to wear a heavy and bulky dry air-meter on his back to record his 
ventilation. Since that time, there have been studies both on carriage of loads 
and on grade walking. Cathcart & Orr (1919), Cathcart, Richardson & Camp- 
bell (1923), Atzler & Herbst (1929), Pollack, French & Berryman (1944), 
Glasow & Miiller (1951), all measured the metabolic cost of carrying loads, but 
on level ground. Margaria (1939), Knehr, Dill & Neufeld (1942), Taylor (1944), 
and Erickson, Simonson, Taylor, Alexander & Keys (1946), studied the effect 
of gradient using a treadmill in the laboratory; but loads were not carried. 
Workers in the past were handicapped by heavy or clumsy apparatus. There 
is now available a light-weight portable air-meter, or respirometer, which 
allows pulmonary ventilation and oxygen consumption to be determined under 
natural conditions over fairly long periods of time. 

In order to provide a basis for estimating the probable amounts of oxygen 
which would need to be carried to high altitudes, the 1953 British Mount 
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Everest Expedition required measurements of the oxygen consumption while 
climbing. The first part of the present investigation was begun to find the 
oxygen consumption of experienced climbers while walking uphill a distance 
of 2000 or 3000 vertical feet without loads, and while carrying loads equivalent 
to the weights of one and of two cylinders full of compressed oxygen. 


TaBLe 1, Gross weight, rate of climb, and oxygen consumption throughout 3000 vertical ft. 
on Ben Lomond during preliminary experiment 


Weight Mean oxygen 
(including thes, Rate of climb 


Subject boots and apparatus) (ft./hr) (1./min) 
AS. 86 1100 2-5 
With 26 Ib. load 97 1200 2-6 
With 30 Ib. load 100 1700 2-8 
J.B. ie 91 Rate unrecorded 2-9 
With 12} Ib. load 97 1400 3-1 
With 30 Ib. load 4106 1700 3-4 
J.D, 102 4100 26 
With 124 lb. load 108 1200 2-8 
With 30 Ib. load 116 1400 eee | 
G.H. 87 
With 30 Ib. load 101 1300 3-0 
80 Rate unrecorded 23 
With 124 Ib. load 86 1300 2-4 


, TaBLE 2, Subjects for experiments 


BME. . 
Subject (years) Ht. (cm) Wt. (kg) (kcal/min) 
AS, 32 173 1-10. 
J.B. 22 178 86 1-41 


For the purpose of the Everest expedition a rather hurried series of experi- 
ments was. carried out on five subjects climbing at their own pace. The load 
was either 124 lb., 25 Ib., or 30 Ib. A single oxygen cylinder of the type used 
by the expedition weighed 12} lb. The oxygen consumption was measured 
over the 3000 vertical ft. from the bottom to the top of Ben Lomond. The 
linear length of the climb was about 4 miles. Some of the results of this initial 
series, which showed considerable variation from day to day and between 
individuals, are given in Table 1. This variation is not surprising, since there 
were many factors uncontrolled, and the weather and underfoot conditions 
changed considerably during the course of the work. A second series of experi- 
ments was therefore carried out on two of the previous subjects. These men 
_were both in good physical condition; details of their age, height, weight and 
basal metabolism are given in Table 2. 
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METHODS 


Situation of work. The work was performed on two gradients on Ben Lomond and a fairly broad 
and regular path was followed up these gradients, The heights and slopes are shown in Fig. 1. 


Rate of climbing. Bour different loads 5, 10, 16.and 20 kg in weight were carried by enchi subject _ 


at a strictly uniform pace. This uniform pace was obtained by carefully timing the natural rate of 
climbing on several trial experiments. The pace was noted, and the times recorded at which various 
landmarks on each gradient were passed ; e.g. 2 min at bush on left, 3 min 20 sec at large rock, and 
so on. Thereafter this rate was retained accurately and precisely throughout each experiment. The 
vertical rate of ascent was almost identical for each gradient, just under 2000 ft./hr on gradient | 
and just over 2000 ft./hr on gradient 2. Sincet he gradients differed in steepness, the rate of climb 
in linear miles per hour (m.p.h.) varied, being 2-1 m.p.h. on gradient no. 1 and 1-8 m.p.h. on gradient 
no. 2 (Fig. 1). 


G2 


Feet 


8 


Fig. 1. Details of the two gradients on Ben Lomond (to scale). The vertical height of gradient 
no. 1 was 485 ft., and the linear distance 2760 ft., giving a slope of 1 in 5-7. The rate of vertical 
climb on this gradient was 1950 ft./hr (600 m/hr) and the rate of linear climbing was 2-1 m.p.h. 
The vertical height of gradient no. 2 was 480 ft., and the linear distance 2255 ft., giving a 
1 in 4-7 slope. Rate of vertical ascent was 2050 ft./hr (630 m/hr) and the rate of linear 
climbing was 1-8 m.p.h. 


Loads, The respirometer and a carrying frame, which were worn haversack-fashion on the back, 
weighed almost 5 kg. This was the initial load, L1. The second load, L2, which weighed 10 kg, was 
the apparatus and frame plus an iron cylinder holding enough sand to add another 5 kg. L3, 
weighing 15 kg, was the apparatus and frame plus a cylinder holding sand adding another 10 kg. 
IA, weighing 20 kg, was made up of the apparatus, frame, one cylinder of 10 kg, and another of 
5 kg. These weighted cylinders were placed horizontally on the carrying frame, and the centre of 
gravity of the loads was sited fairly high on the back; the weight was thus placed i in an. efficient 
carrying position (Fig. 2). 

Work done. The work done in lifting the subject’s body and the load, varied from 860 Eten 
for A.S. when carrying a 5 kg load on gradient no. 1 to 1060 kgm/min with the 20 kg load on 


gradient no. 2. The equivalent values for J.B. were 910 and 1110. Individual results are given in ~ 


Table 5. 
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Plan of experiment. The whole experiment was planned in the form of an 8 x 8 Latin Square, the 
variables being days, loads, gradients, subjects and the sequence in which the loads were carried 
(Table 3), This arrangement ensured a completely different order of carrying the loads on each of 
the 8 days. By this means the effect of the different loads on each subject while climbing each of 
the gradients could be calculated and the effects, if any, of different days and of the different 
sequences could be determined. 


Fig. 2. Method of carrying the apparatus and loads. The loads are slung horizontally on a 
light tubular carrying frame and the respirometer is strapped on top. 


TABLE 3, Statistical arrangement of experiment in form of Latin Square. 5 kg (D1), 10 kg (L2), 
15 kg (Z3) and 20 kg (Z4) loads were carried by the two subjects on gradient 1 (@1) and 
gradient 2 (G2) 


Subject Sequence 1 2 3 4 5 6 7 8 


AS. LiG2 L2G1 L3Gi L3G2 I4@1 I[4G2 
LiG2 LIGl L3Gl L3G2 L2G2 14G2 I4@1 
LiGl L2G2 L3G1 L3G@2 Li 
I3G@1 


I4G2 LiG2 L3G2 [4G1 L2G1 LIGl 
L3G2 L2G2 I4G2 LiGl LiG2 [4G1 
IAG1 L38G1 L3G2 14G2 L12G1 L2G2 
IAG2 I4G1 L3G1 L1G2 L2G2 LiGl L2G1 L3G2 


J.B. 
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Apparatus. Pulmonary ventilation was measured by means of Max Planck respirometers 
(Kofranyi & Michaelis, 1940; Miiller & Franz, 1952). Light Perspex valves were used. The con- 
necting tubing had a diameter of 1 in. and had a smooth bore, thus reducing resistance. This 
tubing was supplied by the Dunlop Rubber Company. 

Calibration of the respirometers. These instruments were calibrated frequently by passing known 
volumes of air through them from a Douglas bag. This air was passed in such a manner as to 
simulate normal respiration and at flow rates similar to those actually obtained on the subjects. 
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For example, to obtain the correction factor (0.¥.) of the instrument when the ventilation rate was 
40 l/min, the first step was to fill a Douglas bag, connected in series with a wet flowmeter, with 
100 1. of air. This volume of air was then passed through the respirometer during a period of 24 min, 
21. being pushed through 20 times per min allowing approximately equal periods of time for each 
expulsion and pause. Thus, 2 1. of air was forced through the respirometer in 1} sec, the 2 1. repre- 
senting the volume of expired air and 20 the frequency of respiration. This method of calibration 
was adopted to mimic the intermittent respiration of a human being with a ventilation of 40 1./ 
min. In similar manner, the instruments were calibrated with rates of flow of 40, 50, 60, 70 and 
80 1./min. The ventilation rates measured on the hillside were all within this range. With the two 
respirometers used in this experiment, the factors of each were constant throughout this range of 
pulmonary ventilations: the o.¥. of one machine was 1-02, and that of the other 1-06. To obtain 
the actual volume of air expired the value recorded on the respirometer was multiplied by the 
o.¥., and adjustments were made for temperature and pressure. 


TABLE 4, Dates and barometric pressure, mean temperature; relative humidity and 


r.h. 

Day Date at (mm Hg) (° C) 
1 23. iii. 774 13 57 
2 24, iii, 776 ll 84 
‘3 25. iii. 770 12 86 
a: 4, v. 769 24 56 
5 ll. v. 761 12 72 
6 27. v. 765 20 65 
7 1. vi. 756 16 52 
8 9. vi. 762 26 “56 


Description of conditions of weather and ground on each day: 
Day 1. Windless day. Ground dry. Air comfortably warm. 
Day 2. Slight wind. Ground dry. Felt cool. : 
Day 3. Slight wind. Ground dry. Cool. 
Day 4. Occasional slight breeze. Ground dry. Warm. 
Day 5. Slight wind. Ground dry. Cool. © 
Day 6. Slight wind. Ground slightly wet in parts. Cool. 
Day 7. Moderate wind. Ground dry. Sunny but cool. 
Day 8. Windless day. Ground dry. Hot. 


Procedure in experiments. Before the experiment started, the subject climbed steadily for 3 min, 
breathing through the respirometer; the volume of air expired was neither recorded nor sampled. 
At the end of this fore-period, which served to bring the subject into a ‘steady state’, recording 
of the volume of expired air and sampling were started and continued throughout the remaining 
length of the gradient. The duration of these measurements was 12 min on gradient no. 1 and 
11 min on gradient no. 2, Samples of the expired air were collected in rubber bladders attached 
to the sampling tap of the respirometer. At the end of recording and sampling, the air in the 
bladder was transferred to a glass sampling tube. The percentages of oxygen and carbon dioxide 


were later found by means of Haldenc's apperstus, The energy expenditure was caloulated by 


Weir’s method (Weir, 1949). 


RESULTS 


The experiments took place between March and June 1953. Details of the — 


environmental conditions are given in Table 4. 


Oxygen consumption. Table 5 gives the oxygen consumption of each subject — 


with each load on each of the gradients. Statistical analysis of the Latin 


4 
ox 
su 
iy 
om 
So 
er 
Wé 
a 
‘ 
Ta 
“ 
a 


ENERGY EXPENDITURE DURING CLIMBING 299 


TABLE 5. Oxygen consumption, work done, and respiratory quotient on gradient 1 (G1) 


and gradient 2 (G2) 
Oxygen Mean o 
consumptio consumption Work done 
(1./min) 


iy (kg m/min) B.Q. 
Subject (kg) Gl: @ G2 
AS. 


91 0-91 
2-29 2-48 0:90 084 

12 91 2-34 2-66 (oe 0-87 

227 2-60 088 088 
0-87 0-97 
230 2-62 0-91 0-98 

IA 101 2-05 2-00 0-938 1-00 
| 0-89 0-90 

227 2-40) 0-94 0-95 

B. 

Li 91 2-01 2-90 | 0-80 0-87 
192 2 87 
14 2-59 0-85 0-89 

219 2-42 0-86 ~ 0-96 

1B 101 237 247 2 0-87 0-87 

9-47 257 0-89 0-88 

IA 106 2-37 2-67 (ose 0-82 
244 269 1060 1110 
2-50 


Square shows that there is a significant difference between subjects (0-05 > P > 
0-01) and, as one would expect, the influence of load leads to a highly signifi- 
cant difference (P < 0-001). There is also a highly significant difference between 
days (P <0-01). This is probably due to the low values recorded on day 4 and 
day 8; the possible reasons for this difference will be discussed later. The co- 
efficient of variation (c.v.) for oxygen consumption over the whole experiment 
was 3°73%, which is a satisfyingly low value for this type of investigation. 

Energy expenditure. The mean energy expenditure of each subject with the 
different loads and gradients is shown in Table 6. 

Pulmonary ventilation. A similar statistical treatment, the results of which 
closely parallel those of oxygen consumption, was applied to the ventilation 
rates, which are given’in Table 7; the coefficient of variation was 4-34 %. The 
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variance in the rows, that is, in the sequence, is not significant at the 5%, 
level, but there is a highly significant variance between days (P<0-01). The 


highly significant difference between the values both for oxygen consumption — 


and for ventilation on different days, shows the importance of allowing for this 
variation in the planning of any similar experiment of several days duration. 

Oxygen extraction. The oxygen extraction, or the difference between the 
percentage of oxygen in inspired and in expired air, is also shown in Table 7. 
The coefficient of variation was 506%. The sequence, different days and 


different loads do not affect significantly the oxygen extraction; the changes ‘ 


in the oxygen extraction which occur in relation to variations in pulmonary 


ventilation can-thus be discussed without special consideration of - above | 


mentioned variables. 


Tas 6, Mean energy expenditure in kcal/min (gross) 
Subject Gradient 1 Gradient 


AS. 
11-09 12-31 
L2 11-82 12-90 
L3 11-84 13-25 
IA 12-14 13-01 
J.B, 
I 10-42 11-80 
L2 11-35 12-51 
L3 11-86 12-58 
IA 12-20 13-45 


Respiratory quotient. The values for the R.Q. are given in Table 5. They 
correspond to those quoted by Christensen & Hansen (1939), and others, for 
this intensity of work. 


Oxygen consumption and gross weight lifted. Fig. 3 shows the relation between 


the oxygen consumption and the gross weight carried by each subject: the — | 


gross weight includes the weight of the subject, and also that of his clothes, 
boots, apparatus and loads. 

Efficiency of climbing. Table 8 shows the efficiency of climbing for each 
subject with the different loads. These results have been calculated from the 
caloric equivalent of the external work (gross weight x vertical height climbed, 
in kgm/min, multiplied by the correction factor) divided by the difference in 
the energy expenditure between climbing and the basal metabolism. If the 
metabolism of standing is deducted instead of the basal metabolism the 
difference in the results is of the order of 1% or less. The maximum efficiency 
by A.S. was attained when climbing with the full load on gradient no. 1 and 
reached 23%. For J.B. the maximum efficiency was reached with 5 kg on 
gradient no. 1 and was 26%. The mean values seem to indicate no real _s 
in efficiency when carrying light or moderately heavy loads. Gradient no. 
with the gg lower energy cost required, shows rather higher values od 
gradient no. 
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; If calculation of the efficiency of grade walking is done by the method used 
» originally by Zuntz and co-workers, and later by Benedict & Murschhauser 
ee (1915), Smith (1922), Erickson ef al. (1946), which means deduction of the 
8 metabolic cost of walking on the level, then the values for the efficiency are 
: TaBLE 7. Pulmonary ventilation, oxygen extraction and ventilation equivalent for oxygen 
Ore (VEo,) on gradient 1 (@1) and gradient 2 (2) 
Oxygen 
extraction 
(% difference 
’ Pulmonary Mean between Mean 
ventilation pulmonary inspiredand oxygen 
(L/min at pres) ventilation expired air) extraction VEo, 
Gross wt. SO A 
AS. 
86 49-27 53-83 533 5-20 2-28 
49:56 56-36 5:32 5-17 2-23 2-29 
47-56 66-98, 47°92 55°41 5.40 5047 | 2.23 
50-90 54-48 5-49 2:22 2-20 
L2 91 56-85 59-62 4-88 5:30 2-43 2-24 
| 50-35 59-52 (5-30 5-25 2-29 
L3 96 53-08 63-68 5-23 5-08 2-29 2-33 
59-06 63-71 lon 5-00 2-46 2-43 
IA 101 60-99 62-74 519 5:01) 2-41 
44 74-90 455 4461 ge, | 263 2-69 
or 58:13 66-75 4:72 4-35 2-56 2-78 
J.B. 
57-44 517 5-42 2: 
2-40 2:32 
L2 96 56-88 58-09 5-03 5-11 
98 5 2-42 2-39 
| 52:73 61-84 5-02 4°78 2-41 2-56 
he 5-27 5:27 2:25 2-25 
101 53-30 55-59 
23 2-26 2-27 
in 58-26 62-49 517 4-97 2:36 2-43 
| 57: 5-49 5-52 216 215 
ca 
62-57 64-54, 4.76 4-87 2-54 2-45 
by 59°86 62-63 5-02 4-98 2:39 2-40 
nd 
je increased by about 9% (cf. Table 8), and the maximum efficiencies — 
ge by A.S. and J.B. are 32 and 36% respectively. Orsini & Passmore -” 
1, suggest that efficiency in climbing should be calculated by nr “ e 
an” energy expenditure when walking downhill instead of the expenditure when 


walking on the level. However, any method of calculating the mechanical 
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efficiency of the human body in exercise is open to criticism. No particular 
usefulness is served by quoting efficiencies other than the gross efficiency. 


275 


“Oxygen (l/min at s.t.p.) 


100 105 110 
Gross wt. in kg 
Fig. 3. The oxygen consumption and the gross weight carried by the 2 subjects, A.S. and J.B. 


ar 


x—»x, AS.; @—@, J.B. The numbers before the initials of the subject (e.g. 2 A.S.) refer. 


_ to the gradient, i.e. A.S. on gradient 2. 


‘Tasiz 8. Efficiency of climbing on gradient 1 (@1) and gradient 2 (G2) 


Mean efficiency (% (Mean efficien 
(deduction for (deduction for of 
metabolism) horizon 
Subject G2 G2 
AS. 
ql 20 19 28 28 
L2 20 19 28 28 
I3 21 19 29 28 
IA 21 21 29 30 
Max. individual result Max. individual result 
IA G1 23% G132% 

23 22 32 31 
[2 23 21 32 30 
L3 23 22 32 31 
IA 23 22 32 31 

Max, individual result Max. individual result 
Ll Gi 26% Ll G1 36% 
DISCUSSION 


The results of the preliminary experiment (Table 1) showed the large variability 


only to be expected in an investigation of this nature, carried out in winter, 


under uncontrolled conditions. The oxygen consumption generally was also 
rather high for the rate of climbing. The arrangement of the subsequert 
experiment allowed the difference due to these uncontrolled factors to be 
determined. Table 9 shows the mean oxygen consumption for the rows and for 
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the columns in the Latin Square arrangement. Each row and each column 
consists of eight values for oxygen consumption, there being one value for each 
of the four loads on each of the two gradients (cf. Table 3). The difference in 


the mean values for the rows is very small. The fact that it is significant at the 


5% level is due to the difference between the two subjects; J.B. has slightly 
lower values than A.8., in spite of being a little heavier in weight and of greater 
surface area. The main reason for the statistical arrangement with regard to 
rows was to make clear any possible effect due to the order in which the loads 
were carried; that is, indirectly to determine whether fatigue or practice 


9, Mean oxygen consumption for rows (i.e. sequence), and columns in 
Latin Square, Each value is mean of eight results | 
Subject Oxygen consumption (1./min) 
AS, 


(1) 2-44 

(2) 2-42 

(3) 2-45 

(4) 2-58 

JIB Rows 

(1) 2-42 

2-40 

(3) 2-43 

(4) 286. 

| Columns 

Day ... 1 7 8 


248 249 #245 234 247 247 £4236. 


played any part in the results. If such factors were present then the loads 
carried last on each day should cause a significantly different consumption of 
oxygen from those carried first. There would be a change from row 1 to row 4 
in one or both subjects. Durig (1906), in some experiments on himself while 


carrying a load of 18 kg on a 1 in 4 (25%) gradient, found that his efficiency 


increased with practice during the day. The energy expenditure early in the 
day was higher than later in the day. The results of the present experiment 
give no suggestion of this, so that neither fatigue nor practice played any part 
in the results detectable by the methods of this experiment. 

In a series of metabolic experiments occurring day after day training may 
easily cause a progressive increase in efficiency (Knehr ¢ al. 1942). In the 
present series, however, both subjects were continuously in moderately good 
training, and the experiments were so spaced in time that physical training 
due to the experimental work could have played no part. The mean oxygen ~ 
consumptions on the different days of the experiment are shown for the 
columns in Table 9. The mean oxygen consumption on days 1, 2, 3, and 5, 6 
and 7 is almost the same; yet the overall differences in the days are such as to 
make.the variance between columns significant at the 1% level. This is very 
probably due to the low values on day 4 and on day 8. Table 4 shows that, 
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although the experiments took place from 23 March to 9 June, the external 
temperature, the wind, and the condition of the ground on each day were 
almost identical, except on day 4 and on day 8. On these 2 days the air 
temperature was appreciably higher than on the other occasions and both sub- 
jects, while climbing, felt uncomfortably warm, although the relative humidity 
was quite moderate. Both men also felt rather more fatigued on these days 
than on any other. Yet the oxygen consumption per minute was less on these 
days. There may have been a greater efficiency in joint and muscle movements 
at the higher temperatures. Hunter, Kerr & Whillans (1952) have shown an 
improvement in the speed of movement of joints when the joints were exposed 
to warm atmospheres after they had been cooled. However, it is improbable 
that this can be important in the present case; the temperatures on the other 
days were not sufficiently cold. Also, insulation provided by the clothing 
would eliminate most of the effect of outside cold air. A satisfactory explana- 
tion is not easily put forward to account for the lowered metabolism on the 
2 warm days. It is possible, however, that the warmer air temperatures 
brought about a greater degree of relaxation, and thus more efficient muscular 
movements. Presumably this might equally cause a feeling of lassitude, which 
could explain the concomitant psychological feelings of fatigue. 

Rate of vertwal ascent. The rate of climb, in vertical feet per unit of time, was 
almost the same on the two gradients, although there was an appreciable 
difference in slope. On gradient no. 1, with a slope of 1 in 5-7, the rate was just 
under 2000 ft./hr (10 m/min) and on gradient no. 2, slope 1 in 4-7, the rate was 
just over 2000 ft./hr (10-5 m/min). This constant rate of climb supports the 
commonly held subjective impression among practised hill-walkers that the 
normal climbing pace is remarkably steady over ground conditions and slopes 
which may vary quite widely. Such constancy does not necessarily make for 
efficiency. Climbing on the steeper gradient of slope 2 increased the consump- 

_ tion of oxygen, and this difference between the two grades remained almost 
constant with all the loads carried (Table 10). 

Energy expenditure. The mean energy expenditures are given in Table 6. 
If it is assumed that 5 kg is a reasonable load to carry on a day’s climbing, then 
the approximate rate of energy expenditure by both A.8, and J.B., while 
carrying this load, is 12 kcal/min. Climbing at this rate demands then an 
energy expenditure of about 700 keal/hr. A fairly hard day’s climbing, not 
excessive by the standards of trained hill-walkers and mountaineers, might 
perhaps involve 10 hr of exercise, excluding rest pauses. Of this period, uphill 

walking might account for 7 hr, with an energy expenditure of 700 keal/hr, and 

| level or downhill walking 3 hr, the energy expenditure being about 300 kcal/hr. 
The total energy expended in this time would amount to about 5800 kcal. 
Even if only 500 keal/hr is expended during a prolonged climb, and this 
probably approximates more closely to the average climber’s capacity, then 
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the total expenditure amounts still to 4400 kcal. The remaining 14 hr would 
probably demand an expenditure of about another 1500 kcal. This gives a 
grand total for the 24 hr of something between 5900 and 7300 kcal: this is quite 
hard work on any reckoning. Edwards, Thorndike & Dill (1935) state that the 
average energy expenditure by eight members of the Harvard football team 
during 2 hr of strenuous daily practice was approximately 11 kcal/min. 
Soldiers marching with a heavy pack at 3 m.p.h. spent 455 kcal/hr (Pollack 
et al. 1944), Karvonen (to be published) estimates that the total energy 
expenditure by Finnish lumberjacks, during a competition lasting 4 days, each 
day involving 6} hr of work, lay between 5500 and 7000 kcal per day. Even 
these strenuous types of exercise do not demand quite the same energy as does 
climbing. 


- Taste 10. Mean increase in oxygen consumption on gradient 2 compared with gradient 1 


Increased oxy 

Subject consumption (1./min) 
AS. 

Ll 0-25 

L2 0-22 

0-28 

IA 0:27 
J.B, 

0-27 

L2 0-23 

0-25 

IA 0-25 


Oxygen extraction. The ‘oxygen extraction’, or, as it is sometimes called, the 
‘respiratory efficiency’, has been briefly mentioned in several papers. Taylor 
(1941), using a bicycle ergometer noted a gradual fall in ‘respiratory efficiency’ 
at the higher loads. The same author (Taylor, 1944), comparing the physio- 
logical effects of maximal and of submaximal exercise on the treadmill, showed 
that the oxygen extraction became appreciably reduced in the heavy exercise. 
The results of the experiments of Erickson et al. (1946) on two subjects show 
some variation. One of the subjects had only a mild deterioration in oxygen 
extraction as the work increased, and then only at the maximal rates; the 
effect on the second subject was an obvious gradual decrease in ‘respiratory 
efficiency’ as the exercise became greater. Donald, Bishop, Cumming & Wade 
(1955) treat the subject in some detail. In minute-by-minute studies of normal 
subjects engaged in moderate exercise they show that in the early minutes of 
exercise there is a lag in the pulmonary ventilation and that oxygen extraction 
is maximal in the second minute. Thereafter, as ventilation increases the 
oxygen extraction gradually decreases to a steady level. They state that 
‘although it has been frequently demonstrated in normal subjects that the 
ventilation is proportional to the oxygen uptake when the ventilation has 


stabilized, the marked ventilatory lag in the first two minutes of even quite 
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heavy exertion has not been commented on’. In the present experiments, as 
Fig. 4 shows, there is a negative correlation between oxygen extraction and 
ventilation; the percentage of oxygen taken out of the inspired air becomes less 
as the ventilation increases. However, from Table 7 the mean values of oxygen 
extraction for J.B. show an almost steady increase as the load becomes greater. 
The apparent contradiction between these last two statements brings out 
differences in the behaviour of the pulmonary ventilation and of the degree of 
oxygen extraction in the case of the present two subjects. There is, of course, 


Pulmonary (1./min at eTPs) 


50 + 
x 
42 4-4 46 48 5-0 5-2 5°4 5°6 


Oxygen extraction 
Fig. 4. The regression of pulmonary ventilation on oxygen extraction, i.e. percentage difference 
between oxygen in inspired and expired air. x— x, A.S.; @—®@, J.B. y= —9-86x + 107-71, 
where y is pulmonary ventilation and 2 is oxygen extraction. 


& progressive increase in the oxygen consumption by both men as the exercise 
_ becomes heavier. However, this increase is brought about by slightly different 
means. A.S. has a relatively greater pulmonary ventilation and a pe 
oxygen extraction and thus a lower ‘respiratory efficiency’ than J.B. 
increase in oxygen consumption is partly effected by increasing the ess 
ventilation. However, the extent of this increase in oxygen consumption, 
independent of the ventilation, depends upon the oxygen. extraction, and a 
measure of this factor is given by the ventilation equivalent for oxygen: i.e. 
_ total pulmonary ventilation (Brps) x 0-1 divided by the total oxygen con- 
sumption (Table 7). Many of the values for the present two subjects are within 
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the range which is usually quoted (Lindgren, 1953) as minimal, 1-8-2-3; that 
is, their respiratory efficiency is high. 

In this particular experiment, there may be a mechanical factor partly 
causing the decreased oxygen extraction—the heavier loads may have 
diminished the respiratory excursion of the chest which would then cause a fall 
in the extraction of oxygen from the inspired air. 

Psychological feelings and the physiological findings. One surprising result 
from this series of experiments was the disagreement between the subjective 
feelings of the subject. and the physiological findings. For example, both 
subjects, naturally enough, felt that they were carrying a much heavier load 
when they had 20 kg on their backs than when they had only the 15 kg load. 
With the heavier load the subjective feeling of fatigue was much greater, yet 
the mean increase in oxygen consumption due to the load was only about 


70 ml./min. It seems remarkable that any factor with such a small general 
effect on the body’s metabolism could have had such distinct psychological 


_ effects. Local fatigue of the shoulders and back may, of course, have played 
a greater part than the general increase of effort. Much, however, depends 
_ upon the nature of the task on any particular occasion. When the maximum 
load, including the weighted cylinders, carrying frame and apparatus, was 
20 kg, this load although not excessive, was felt to be extremely heavy. Yet, 
in a subsequent experiment under more difficult conditions, when the maximum 
load was 30 kg, the 20 kg load was thought, by the same subjects to be rela- 
tively light. The difference between psychological impressions and physio- 
logical changes makes it difficult to be certain that the limits of exercise have 
been reached if subjective feelings alone are the criteria. 

The present investigation has shown that a carefully arranged islet 
may be carried out as accurately in the field as in a laboratory. Even under 
laboratory conditions, it is necessary to allow for a day to day variability 
(Durnin & Weir, 1954), and although this may not reach the same degree as in 
an experiment outdoors, yet a satisfactory statistical plan can make due 
allowance for this variability. | 

SUMMARY 

1. The energy expenditure of two subjects while climbing was determined. 
Climbing was done on two measured gradients on Ben Lomond. 

2. Four different loads weighing 5, 10, 15 and 20 kg were carried on the two 
gradients on each of 8 days, the complete experiment being arranged in the 
form of an 8x 8 Latin Square. 

3. Tables of results are given for the energy expenditure, oxygen consump- 
tion and pulmonary ventilation. The coefficient of variation was about 4%. 

4. The respiratory quotient, efficiency of climbing, and the oxygen extrac- 
tion are also shown. The negative relationship between pulmonary ventilation 


and oxygen extraction is discussed. se 
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Bainbridge (1915) showed that intravenous infusions of blood or saline brought 
- about an increase in the heart rate of the anaesthetized dog; this was attributed 
to a reflex, for which the effective stimulus was an adequate rise in central 
venous pressure. The acceleration was said to be due predominantly to a 
decrease in vagal restraint, and to a lesser extent to an increase in sympathetic 
accelerator activity. 

While Sassa & Miyazaki (1920) confirmed Bainbridge’s observations, a less 
constant response was reported by DeGraff & Sands (1925) who obtained an 
increase in rate in only 50% of cases. Ballin & Katz (1941) found that the 
Bainbridge reflex did occur in unanaesthetized dogs when infusions were given 
but they obtained negative results in some experiments; in the anaesthetized 
dog no increase in rate was seen. Ferguson, Shadle & Gregg (1953) observed 
an increase in rate after large rapid infusions in the anaesthetized dog with the 
closed chest but more variable results were found with slower infusions; with 
infusions in the open-chested dog the heart rate either decreased or was 
unaltered. 

In order to investigate how the effects postulated by Bainbridge were pro- 
duced, other workers used techniques by means of which the great vessels and 
the chambers of the heart were either distended mechanically or perfused 
(Sassa & Miyazaki, 1920; Anrep & Segall, 1926; Ballin & Katz, 1941; Aviado, 
Li, Kalow, Schmidt, Turnbull, Peskin, Hess & Weiss, 1951; Coleridge & 
Hemingway, unpublished); but conclusive evidence that an increase in venous 
return led to cardiac acceleration was obtained only by Anrep & Segall. 

That some workers were not only unable to demonstrate an increase in rate 
after an infusion but frequently obtained cardiac slowing, may indicate only 
that certain other conditions necessary for the successful elicitation of the 
reflex were not fulfilled in their experiments, and not that Bainbridge’s con- 
clusions were incorrect. The present investigation was undertaken primarily in 
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an attempt to define the conditions under which an increase in heart rate could 

be brought about when an intravenous infusion of blood or saline was given to 

the anaesthetized dog. 
| METHOD 

Infusions of blood or saline were given in seventy-nine experiments on twenty-nine dogs (9-35 kg). 

For reasons which will be given later, various anaesthetics were used in different series of experi- 

ments, They were as follows: 

(1) Morphine sulphate (3 mg/kg subcutaneously) and chloroform and ether. 

_ (2) Morphine sulphate (3 mg/kg subcutaneously) and chloralose (75 mg/kg intravenously). 

(3) Ether and chloralose (100 mg/kg intravenously). 

(4) Morphine sulphate (3 mg/kg subcutaneously) and sodium pentobarbital (45 mg/kg intra- 
peritoneally), 

(5) In the largest series of experiments, following an initial subcutaneous injection of morphine 
sulphate (3 mg/kg), the dog was anaesthetized intravenously | hr later with 0-25 ml./kg of a 1:1 
mixture of Dial-urethane (Ciba) and sodium pentobarbital. After another hour this was followed 
by a second injection of morphine sulphate (1-5 mg/kg) (Foltz, Page, Sheldon, Wong, Tuddenham 
& Weiss, 1950). 

The infusions of blood or saline (0-9%, w/v, NaCl solution) were made into the femoral vein 
from a large water-jacketed burette maintained thermostatically at the rectal temperature of the 
dog. The blood was taken from another dog and heparin added (5000 i.u./l. ‘Pularin’ Evans). 
The infusions were made in two ways (Bainbridge, 1915): small volumes were infused rapidly, 
e.g. 50 ml. in 10 sec; larger volumes were infused more slowly, e.g. 200-400 ml. were given over 
periods of up to 4 min. In the majority of cases the small infusions were given at the rate of 200- 
300 ml./min and the large infusions at the rate of 100-150 ml./min. 

Cardiovascular pressures were recorded either by saline and mercury manometers or by optical 
manometers of adequate frequency and sensitivity (Coleridge & Linden, 1954) when it was desired 
to examine in more detail the changes in arterial blood pressure. The right atrium was cannulated © 
through the right external jugular vein and arterial blood pressure was recorded by means of a 
T-cannula in the common carotid artery. A Hirthle manometer was used to record the heart 
rate when mean arterial blood pressure was recorded by a damped mercury manometer. Respira- 
tion was recorded by a stethograph or by an optical manometer and a cannula inserted into the 
pleural space. : 

RESULTS 
The observations of Bainbridge (1915) were made on ais anaesthetized with 
morphia, chloroform and ether. It appeared significant that the only results 
in substantial agreement with those of Bainbridge were obtained by Sassa & 
Miyazaki (1920), the only other workers who used this particular anaesthetic. 
Consequently, the first experiments in this series were carried out under similar 
anaesthesia. Ten experiments were performed under morphia, chloroform and 
ether; the heart rate increased in three of these when an infusion was given 
but was unchanged in seven. In the three experiments in which acceleration 
occurred, the initial heart rates ranged from 96-122/min and in the others 
lay between 135 and 154/min. Thus it seemed from these few results that an 
intravenous infusion might be more likely to produce cardiac acceleration 
when the initial heart rate was not fast. The initial heart rate was usually 
rapid with chloroform and ether, in spite of the use of morphia to increase vagal 
restraint, and therefore other anaesthetics were tried in order to obtain a slow 
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heart rate, at least in the early stages of a series of observations. In all, twenty- 
three experiments were performed under various anaesthetics and the heart 
rate increased in only six. Finally, the combination of morphia, Dial-urethane 
and sodium pentobarbital was used and with this anaesthetic the heart rate, 
recorded as soon as the preparation was set up, was always less than 100/min, 
though the rate gradually increased during the course of a series of observa- 
tions as the effect of the morphia diminished. 


™6 Total experiments No change in rate Increase in rate Decrease in rate 
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‘Initial heart rate 

Fig. 1. Relationship between initial (pre-infusion) heart rate, alteration in rate and size of 

infusion in fifty-six experiments on dogs anaesthetized with morphia, Dial-urethane and 
_ sodium pentobarbital. A, all infusions; B, small infusions; C, large infusions. Open blocks 

represent total experiments in each group; these are subdivided (solid blocks) according to 
whether there was no change, an increase or a decrease in heart rate in response to the 
infusions. All results are expressed as percentages of the group totals (A, 56 experiments; 
B, 30 experiments; C, 26 experiments). 


The majority of observations was therefore made under this anaesthetic and 
the results of these fifty-six experiments will now be considered in more.detail. 
They are depicted in Fig. 1. The heart rate increased in 54% of all the experi- 
ments when an infusion was given, in 28°% the rate was unaltered and in 18° 
the rate decreased (Fig. 1A). The alteration in rate appeared to be related to 
two factors: the volume of the infusion, and the heart rate immediately before 
the infusion. 

It can be seen that alterations in heart rate occurred more frequently when 
large infusions were given (Fig. 1B, C): the rate was unchanged in 43% of 


experiments in which the animal received a small infusion, whereas after a 
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large infusion the rate was unaltered in only 12% of cases. In the majority of 
dogs in which the heart rate was unaltered by a small infusion, a large infusion 
was effective. For instance, in a typical experiment (Fig. 2), three successive 
infusions of blood were given; in each case after the first infusion, the animal 
was bled a volume equal to that of the previous infusion before another one 
was made. It can be seen that the heart rate did not change ow until the 
third infusion (400 ml. oe was given. 


40 
Hr 


50 

140r 

120% 

147 
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24 8 
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Fig. 2. Dog 21-2 kg; morphia, Dial-urethane and sodium pentobarbital. The effect of three in- 
fusions of blood (solid blocks): A, 50 ml./15 sec; B, 80 ml./30 sec; C, 400 ml./2 min 50 sec. 
Period of 20 min between each infusion. Before infusions B and C, the dog was bled a volume 
equal to that of the previous infusion. From above downwards: respiratory rate/min; 
heart rate/min; mean arterial blood pressure (mm Hg); mean right atrial pressure (em: H,0). 


Other features of this experiment, to which further reference will be made, 
were the marked changes in mean arterial blood pressure and respiration which 
occurred in response to the final infusion. It should also be noted that, while 
mean right atrial pressure reached its maximum value at the end of the infusion 
and then gradually fell, the cardiac acceleration persisted for several minutes. 

Of the forty experiments in which a change of rate did occur, thirty showed 
an increase and ten a decrease, and the initial heart rate appeared to be the 
only factor to which this difference in response could be related (Fig. 1). If the 
infusion brought about any change in rate, cardiac acceleration usually occur- 
red when the initial rate was low and a decrease in rate when the initial rate 
was high. It can be seen in Fig. 1 that it was quite impossible to set a clear 
dividing line between the low and high initial rates which were followed by 
particular changes in heart rate. However, it was possible to define ‘low’ and 
‘high’ to this extent: below 110/min slowing never occurred, and in eight of the 
ten experiments in which slowing was seen, the initial rates were more than 


Ag 
= 
aq 
aa 
fs 
im 
4 
Af 
Fe 


314 J. C. G. COLERIDGE AND R. J. LINDEN 


150/min; with an initial rate above 150/min, the heart rate only increased in 
two experiments. 

The relationship between the initial heart rate and the alteration: i in rate 
produced by an infusion can be seen more clearly from an examination of 
experiments on individual dogs. In the majority of experiments the initial 
rate gradually increased with time unless a further injection of morphia Was 
given. Hence from the results presented so far, it might be expected that the 


alterations in heart rate would change in extent and direction if successive — 


infusions were given over a sufficiently wide range of initial heart rates. In 
fact this was found to be the case and the way in which the alteration in heart 
rate (caused by an infusion) varied with the initial rate is illustrated by the 


180 180 


i 


Fig. 3. (a) Dog 16-2 kg; morphia, Dial-urethane and sodium pentobarbital. Effect on heart rate 
of five infusions of 50 ml. saline/10 sec (A—Z) over a period of 3 hr. @, initial heart rate; 
©, heart rate after infusion. (b) Dog 35 kg; morphia, Dial-urethane and sodium pento- 
barbital. Effect on heart rate of three infusions of 300 ml. saline/3 min (A, B and () over a 
period of 90 min, @, initial heart rate; ©, heart rate after infusion. 


results shown in Fig. 3a. It can be seen that a reversal of response occurred as 
the initial rate increased during the course of the experiment. A similar re- 
lationship was found when the initial rate decreased during the course of the 
observations (Fig. 35). 

It has been stated already that, in experiments on a series of dogs, there was 
some overlap of the initial rates at which an increase or a decrease in rate 
occurred, but if successive infusions produced a reversal of the change in heart 
rate in a particular dog, the initial rate at which acceleration occurred was 
always less than that at which cardiac slowing was found. Thus if the first 
infusion caused an increase in rate, the heart rate did not fall in response to a 
further infusion unless the initial rate had increased in the meantime. It must, 
however, be made clear that a reversal of the change in heart rate could not be 
produced in all dogs. In some experiments only cardiac acceleration occurred 
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in spite of a wide range of initial rates. This is well illustrated by the results 
shown in Fig, 4a where an acceleration was found at all initial heart rates and 
the degree of acceleration varied inversely with the initial rate. In this experi- 
ment a fast initial heart rate was obtained by withholding the injection of 
_ morphia until after the first infusion. In experiments on other dogs cardiac 
acceleration was not produced by any infusion; the rate either fell or was 
unchanged (Fig. 46). But in view of what has been said already, it seems pro- 
bable that opposite changes would have occurred in these experiments if 
observations could have been made over a wider range of initial heart rates. 
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Fig. 4. (a) Dog 14-1 kg; morphia, Dial-urethane and sodium pentobarbital. Effect on heart rate of 
four infusions of 300 ml. saline/3 min (A—D) over a period of 100 min. The dog had received 
no morphia until after infusion A. @, initial heart rate; ©, heart rate after infusion. (6) 
Dog 16 kg; morphia, Dial-urethane and sodium pentobarbital. Effect on heart rate of three 
infusions of 200 ml. blood/2 min (A, B and C) over a period of 2 hr. Before infusions B and C 
the dog was bled 200 ml. @, initial heart rate; ©, heart rate after infusion. 


The infusion always caused an increase in mean right atrial pressure 
(measured in the intact chest with reference to atmospheric pressure) but a 
striking feature of the majority of experiments was that the greatest change 
in heart rate did not occur at the same time as the peak atrial pressure. In a 
typical experiment the maximum heart rate occurred 90 sec after the end of 
the infusion when right atrial aes had fallen almost to the pre-infusion 
level (Fig. 5), 

Bainbridge (1915) stated that it was celiaitle to inject 150-200 ml. of blood 
with a comparatively small rise in arterial blood pressure provided that the 
infusion was made slowly. However, in several of the present experiments it 
was not found possible to give large infusions of blood or saline, at the same 
rate as those given by Bainbridge, without causing marked changes in systolic, 
diastolic and mean arterial pressure: indeed the rapid infusion of 50 ml. saline 
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produced an increase in mean pressure of 10-15 mm Hg in some experiments 


and even larger changes occurred in other cases. In a few experiments the 


infusions also produced a great increase in the rate and depth of respiration 
(Figs. 2, 5). Nevertheless, in spite of these marked changes, the alterations i in 
heart rate appeared to be related only to the initial heart rate. 
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Fig. 5. Sai 12-5 kg; morphia, chloroform and ether. Effect of infusion of 200 ml. saline/75 sec. 
From above downwards: respiratory rate/min; heart rate/min; mean arterial blood pressure 
(mm Hg); mean right atrial pressure (cm H,0)}. 


DISCUSSION 


In accordance with the results obtained by several other workers, variable 
changes in heart rate were found to follow intravenous infusions of saline or 
blood in this series of experiments, but it appeared that the changes in rate 
were related to two factors. Whether any change in rate occurred appeared to 
depend upon the volume of the infusion in so far as large infusions, whether of 
_ blood or saline, were more successful than small ones in producing a change in 
rate. This is at variance with the results of Bainbridge who found that small 
volumes infused rapidly and larger volumes infused more slowly were equally 
effective in bringing about cardiac acceleration. If an alteration in rate was 
produced, its direction and extent appeared to’ be determined largely by the 
initial heart rate in that cardiac acceleration occurred if the initial rate was low 
(acceleration always occurred if the initial rate was less than 110/min), whereas 
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slowing took place when the initial rate was high (more than 150/min in most 
cases). Hence the direction of the changes in heart rate could be reversed if 
infusions were made on a particular dog over a sufficiently wide range of 
initial rates. It may be suggested that this reversal of response to successive 
infusions, though related in time to changes in the initial heart rate, was 
nevertheless not dependent upon such changes; for example, the reversal of 
response may be associated with changes in the composition and the volume 
of the blood produced by the successive infusions. However, a similar reversal 
of response occurred whether the initial rate gradually increased or decreased 
during the course of a series of infusions; in addition it occurred whether 
infusions of blood or saline were given and in the former case a volume equal 
to that of the previous infusion was bled before the next infusion was made. 
Therefore the reversal of response did not appear to be related to progressive 
changes caused by the infusions themselves. 

_ As far as could be determined, the different changes in rate were not related 
to any particular change in arterial blood pressure or respiration or to the 
character of the fluid infused, but they were related rather to the type of 
anaesthetic in so far as this influenced the initial heart rate. 

It was of interest to see how far the results of other workers showed evidence 
of a similar relationship between the initial heart rate and the alterations in 
rate produced by infusions. Some of the published results provided support 
for the belief that cardiac acceleration was more likely to occur when the pre- 
infusion heart rate was slow. It was claimed by Bainbridge (1915) that the 
reflex acceleration was brought about mainly by a release of vagal restraint. 
Sassa & Miyazaki (1920), in substantiating Bainbridge’s observations, stated 
that the marked acceleration they obtained in the dog (but not in the cat or 
rabbit) was related to the high degree of vagal restraint normally present in that 
animal, Further evidence on this point was provided by the results of Ferguson 
et al. (1953) which showed that the heart rate increased in each of six experi- 
ments when large rapid infusions were given to dogs anaesthetized with 
morphia, Dial-urethane (Ciba) and sodium pentobarbital; it seemed significant 
that the initial heart rate was slow in each experiment (44-84/min). 

The results quoted above suggest only that cardiac acceleration was 
dependent upon a slow initial rate and not that cardiac slowing would occur if 
an infusion was given when the initial rate was fast. Evidence for the latter 
point was provided by some of the results of DeGraff & Sands (1925). These 
workers obtained apparently inconclusive results when infusions were given 
to anaesthetized dogs: an increase in rate occurred in only 50% of cases when 
the vagi were intact. Nevertheless, an examination of their experimental data — 
showed that, in the six experiments in which acceleration occurred, the initial 
rates ranged from 90 to 142/min (average 119/min); in the two experiments in 
which the rate was unaltered by an infusion, the initial rates were 134 and 
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168/min; and in the remaining four experiments in which the heart rate fell, 


the initial rates ranged from 133 to 208/min (average 157/min). 

Before the interpretation usually accorded to Bainbridge’s observations can 
be accepted, it has to be shown that the cardiac acceleration is due to an in- 
crease in venous return and not to other changes brought about by the infusion. 
In our experiments marked alterations in blood pressure and respiration fre- 
quently occurred when infusions were given, and an examination of the records 
of both Bainbridge (1915) and Sassa & Miyazaki (1920) revealed that 
appreciable changes in blood pressure took place in some of their experiments. 
While the changes in heart rate appeared to be related only to the initial rate 
it is obviously desirable that the particular experimental procedure employed 
to increase venous return produces only minimal changes in arterial blood pres- 
sure, respiration and the volume and composition of the blood, since such 
changes may in themselves be sufficient to alter the rate of the heart. 

The observation that the maximum increase in heart rate frequently occur- 
red some time after the infusion, when atrial pressure had returned almost to 
the pre-infusion level, may appear to be at-variance with Bainbridge’s state- 
ment that the effective stimulus for the increase in rate was an adequate rise in 
central venous pressure. Indeed evidence that in some cases the cardiac 
acceleration persisted for some time after venous pressure had fallen appre- 
cisbly from its maximum value is to be found in Bainbridge’s experimental 
protocols. 

Nevertheless, too much emphasis must not be laid on the spninent dis- 
crepancy in time between the supposed stimulus and the response because 


effective atrial pressure, which is the only real measure of the distending force | 


within the atrium, was not recorded in the present experiments. This objection 
may not seem to apply to the experiments of Anrep & Segall (1926) who found 
that, when venous return was increased in an innervated heart-lung prepara- 
tion, cardiac acceleration frequently occurred with little or no increase in 
venous pressure. They suggested it was premature to consider an increase in 
central venous pressure as the stimulus for the reflex. Their venous pressure 
gave some indication of the effective distending force because the chest was 
open and the heart exhibited to atmospheric pressure. However, only mean 
pressure was observed in their experiments, and changes may have occurred in 
the dynamic atrial pressure which were important in regard to the effective 
stimulus for the Bainbridge reflex. 

{t is beyond the scope of this paper to attempt any discussion of the mecha- 
nisms by which infusions cause either cardiac acceleration or slowing at 
particular initial heart rates, but the observation that the change in heart rate 
produced by an infusion is related to the initial rate suggests some explanation 
for the apparently conflicting results obtained di the many workers who have 


Investigated the Bainbridge reflex. 
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In conclusion, while an intravenous infusion will produce an increase in 
heart rate under certain conditions, a more satisfactory method of experi- 
mentally regulating venous return in the intact animal is required in order to 
investigate further the effect of alterations in venous return upon the heart 
rate; and, in order to investigate the possible relationship between atrial 
pressure and the adequate stimulus for the Bainbridge reflex, measurements 
must be made of the changes in dynamic effective atrial pressure. 


SUMMARY 
1, Experiments were carried out on anaesthetized dogs to determine the 
conditions necessary for the elicitation of the Bainbridge reflex. 
2. Intravenous infusions of blood or saline produced variable changes in 
heart rate in dogs anaesthetized with morphia, Dial-urethane and sodium 
pentobarbital. These changes appeared to be related to the initial heart rate: 


_ an increase in rate occurred if the initial heart rate was low; cardiac slowing 


occurred if the initial rate was high. 

3. The changes in heart rate did not appear to be related to any alterations 
in arterial blood pressure or respiration. | 
4. The changes in heart rate could not be explained entirely by reference to 
simultaneous changes in mean right atrial pressure (measured with reference 

to atmospheric pressure). 
5.. It is suggested that these results offer some explanation of the Lesamuanad 
inconsistent findings obtained by some other workers. 


We wish to thank Prof, A. Hemingway for much advice and criticism. Part of the cost of these 
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VARIATIONS IN THE FROG’S SPINAL REFLEXES CAUSED BY os 


THE ACTION ON THE BRAIN OF LARGE DOSES 
OF CAFFEINE 


By T. GUALTIEROTTI 
From the Istituto di Fisiologia, University of Milan, Italy 


(Received 10 November 1954) 


The excitatory action of caffeine on the brain centres is well known. Rizzolo 
(1929) obtained generalized convulsions by applying caffeine directly to the 
motor cortex. With the same technique Fischer (1932) recorded large spikes 
from the cerebral cortex, similar to those produced by strychnine, cocaine and 
metrazole. More recently, Brooks, Ransmeier & Gerard (1949) recorded big 


fast waves, more than 150,V in amplitude, and with a frequency of 0-3/sec — 
from the isolated brain of frogs, following 2-3 min of local application of a 


0:5°% solution of caffeine. Similar results had been previously obtained by 
Libet & Gerard (1939). Taormina (1950) observed fits in frogs and toads after 
injecting caffeine; moreover, he showed that electrically induced convulsions 
decreased the convulsant action of caffeine. 

The present work has been undertaken in order to investigate the effect of 
such a central excitation on spinal reflexes, and also the difference, if any, 
between the convulsant action of caffeine and that of strychnine. 


METHOD 
Large frogs have been used, mostly under deep curarization in order to prevent movement 
artifacts. Some of them, though, have not been treated with curare to check the possible effect of 
curare itself, 

In some preparations the brain has been transected at various levels. Action, synaptic and 
standing potentials have been recorded from the ventral roots of the sciatic nerve by means of a 
differential a.c.—d.c. amplifier and cathode-ray tube. Standard stimulation of the appropriate 
branch of the lumbar-sacral plexus has been used, all the stimuli being unidirectional and maximal, 
and the frequency ranging between 3 and 6/sec. In each preparation the standard reflex response 


has been determined and the experiment continued till the action of the drug had worn off and the. 


standard response could be again obtained. The solution of caffeine was either injected in a dose of 
20-30 mg/kg intraperitoneally, or applied by means of a small piece of filter paper to the required 
zone of the central nervous system: in this case a 0-5% (w/v) solution was used. 
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RESULTS 


The following changes appeared in the potentials recorded from the ventral 
root following intraperitoneal injection of caffeine in curarized and uncura- 
rized frogs (Fig. 1). Three minutes after the injection a remarkable increase in 
the amplitude of the reflex response took place: both the number of action 
potentials and the general amplitude appeared to be much larger, but the 
duration of the discharge had not varied. No tendency towards an increased 
synchronization was shown at this stage. No variation was observed in the 
synaptic potentials or in the standing potential. 

Ten minutes after the injection, towards the end of a volley of stimuli, the 
action potentials were recorded in groups (strychnine-like) following each 


Fig. 1. Diencephalic curarized frog. Record from the most cranial cut ventral root of the sciatic 
nerve, Stimulation of the lateral branch of the lumbar-sacral plexus. Standard reflex 
response (a): the first four stimuli (a1), and the last stimulus (a2). Three minutes after 
injection of caffeine (b): remarkable increase in amplitude of the motor response while the 
duration has not changed. Stimuli in b1 and 62 as in a. Ten minutes after injection (c): 
second, third, fourth and fifth stimulus (c1): after the third stimulus, a negative shift takes 
place. This increases towards the end of the stimulation (c2). Action potentials now appear in 
groups especially after the first three stimuli. Fifteen minutes after injection (d); the first 
four stimuli (d1) and the last one (d2). Between d° and d3 and between d3 and d4 0-06 sec. 
The grouping of action potentials is now complete; the negative shift has reached the maxi- 
mum value and synaptic potentials have very considerably increased in amplitude. The top 
of the synaptic curve, however, is only reached after about 0-1 sec and does not coincide with 
the discharge. 

A.o. gain, 1 cm =100pV; d.c. gain, 1 om =3 mV. Time marker 50/sec. Negativity down- 
wards. 
21 PHYSIO, CXXVIII 
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stimulus. Between the stimuli, however, some spikes were recorded, though 
considerably reduced in number and amplitude: these changes in the fast 
activity became increasingly evident after the first three to four stimuli. No 
variation in the synaptic potentials was observed so far. After the first few 
stimuli the standing potential showed a progressive shift towards an increased 
negativity and the new level failed to change when stimulation was dis- 
continued. Increasingly negative values were reached during repeated stimula- 
tions, but no spontaneous changes were observed in the intervals between them. 
Fifteen minutes after the injection there was no further change in the potential 
level. The synaptic potentials appeared considerably increased in amplitude 
and the fast reflex discharges were recorded in groups from the first stimulus 
on: during a prolonged stimulation some delayed spikes were recorded as in 
the standard for a very brief period. This condition remained unchanged for 
2-3 hr. In another hour’s time the normal response reappeared: with a pro- 
gressive increase of duration in the groups following each stimulus, a decrease 


Fig. 2. Preparation, record and stimulation as in Fig. 1. Eighteen minutes after injection of 
caffeine (twice the standard dose). Spontaneous discharges of motor potentials are recorded 
between the stimuli. A.c. gain and d.c. gain as in Fig. 1. Negativity upwards. 


in the magnitude of synaptic potentials and a gradual, slow positive change in 
the potential level were noted. No exhaustion nor rebound effect were 
_ observed and no spontaneous discharges, as by strychnine, appeared with the 
usual dose. With a dose 2-4 times as large, however, some spontaneous 
groups of spikes were recorded during stimulation and for a few seconds after- 
wards (Fig. 2). In a very few experiments true spontaneous groups of poten- 
tials as during strychninization were also observed and in this case exhaustion 
followed. The animal recovered normally and the usual pattern set in again. 

In diencephalic and mesencephalic frogs the phenomena are slightly less 
conspicuous than in intact animals. 

Local applications of caffeine to telencephalon and diencephalon produced 
the following effects: 1 min after the application an increase in amplitude and 
number of the action potentials was observed. This was particularly obvious 
when a low frequency stimulation was used, i.e. 3/sec. A negative variation of 
the standing potential also took place during the stimulation. All this dis- 
appeared and the standard response was again obtained 4 hr after washing off 
the drug. No variation in the synaptic potentials nor any tendency of the fast 
activity to appear in groups was ever recorded if caffeine was not left on for 
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~ 10-15 min or more. When this time was increased, there was the same pattern 


as that following injection. Moreover, if during the first 10-15 min the usual 


_ amount of caffeine was injected, then both an increase in amplitude of synaptic 
_ potentials and the grouping of fast activity took place. 


DISCUSSION 


Among the various phenomena described above as due to caffeine in non- 


decerebrated frogs, only the increase in amplitude of the fast activity without 
synchronization and the negative shift of the standing potential can be 
ascribed to the action of brain centres alone. These are in fact the only varia- 
tions obtained on application of caffeine directly to the brain. These changes 
only take 1 min to appear and must therefore be due to the action of closely 
adjacent structures. The other effects, e.g. the increase in amplitude of the 
synaptic potentials and the synchronization of the action potentials, are only 
recorded some 10 min after either injection or local caffeinization; in the 
latter case being most probably due to absorption and general diffusion. These 
phenomena will be discussed in a further paper. 

Both early variations, viz. the general increase in amplitude of the fast 
activity and the negative change of the potential level of the spinal cord, seem 
to occur with any kind of facilitation of the spinal cord obtained through the 
brain structures. Similar changes have been described in the early stage of 
strychnine poisoning in diencephalic frogs (Gualtierotti, 1952). Asin that case, 
the negative shift of the standing potential of the spinal cord is assumed to 
mean that a progressive depolarization, possibly of the internuncials of the 
reflex centres, occurs through stimuli originating from the higher centres. 
Thus the basic condition of the spinal cord itself shifts towards an increased 
excitability, and the two phenomena, i.e. negative shift and increased motor 
response, might be correlated as cause and effect. A difference, however, exists 
between the action of caffeine and that of strychnine: while strychnine induces 
a continuous depolarization of the spinal cord, even between motor discharges, 
caffeine only alters the potential level during the reflex motor response. 
Moreover, strychnine increases the duration of the response, while caffeine 
does not. This means that, while strychnine produces a self-maintaining effect, 
the action of caffeine is always correlated to external stimulation. This is also 
indicated by the absence of spontaneous discharges when caffeine is injected. 
Such a difference in the action of the two drugs provides some additional 
information on the mechanism of centrally induced facilitation, especially in 
relationship with the changes in the potential level. As local application of 


_ strychnine to diencephalon produces a continuous depolarization of the spinal 


cord, which is accompanied by an increased reflex response and, above a certain 
value, by spontaneous discharges, the conclusion could be reached that brain 


centres facilitate the spinal cord up to automatism by increasing the basic 
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depolarization of the reflex centres concerned with respect to unaffected areas: 
the resulting standing differences of potential could produce such currents as 
to facilitate or even elicit the firing of the reflex in the manner observed with a 
d.c. applied artificially (Barron & Matthews, 1938; Matthews, 1953). On the 
other hand, in preparations in which at least some part of the brain is included 
a lesser depolarization of the cord than in spinal animals is nearly always 


observed (Gualtierotti, 1953). It might be said then that brain structures 


continuously control the degree of depolarization of the spinal cord according 
to their spontaneous activity. But the fact that after caffeine no change 
appears in the potential level induced by brain centres unless the spinal cord 
is stimulated seems to show that some sort of continuous inflow from the lower 
centres must act on the higher structures to enhance their control of the basic 


depolarization of the cord. The higher centres therefore do not work spon- — 


taneously, but on a reflex basis. The absence of spontaneous discharges after 
caffeine might be due to depolarization of the cord failing to reach the critical 
value: in fact after very large doses spontaneous firing takes place as after 
strychnine. During local strychninization of the diencephalon the apparent 


self-induced depolarization might be due to an increased excitability of the 


brain to the normal inflow from the spinal cord. 

The increase of the fast activity due to central facilitation is always asyn- 
chronous: the central effect of caffeine, however, is to produce highly syn- 
chronized waves (as much as 100-150 »V in amplitude) and with a frequency 


of 0-25/sec (Brooks et al. 1949). 


This activity does not appear at all on records from a ventral root and there- 
fore some asynchronizing process must take place between the brain centres 
from which synchronized waves are recorded and the spinal centres from which 
asynchronous activity only is seen: however, the increase of the motor reflex 
response appears at the same time as the synchronous potentials in the brain. 

A similar asynchronization is also observed during strychnine discharges, 
but is imited to the motor neurones of the spinal cord: as evidenced by Bremer 
(1950), a synchronized wave recorded from the motor root during strychniniza- 
tion releases a discharge of asynchronous action potentials on top of the more 
negative phase, while the synchronous strychnine potentials starting in the 
brain are conducted as such along the spinal cord. After application of caffeine 
on the contrary, asynchronization seems to start at a much higher level. 
Further work is needed to test where this takes place. 


SUMMARY | 

1. The action of caffeine on spinal reflexes on intact, diencephalic and 
mesencephalic curarized frogs has been investigated. 

2. Changes in action, synaptic and standing potentials due to treatment 
with the drug have been recorded from a motor root of the sciatic nerve. 
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3. A solution of caffeine has been either injected intraperitonéally or 
applied directly to the brain. 


4, Three minutes after injection a remarkable increase in the amplitude, 


but not in the duration, of the reflex response was observed. 
5. Ten minutes after injection a negative shift was observed in the potential 


level; action potentials started to be synchronized in groups. 

6. Fifteen minutes after injection the negative shift reached its peak value, 
synchronization of fast activity was complete and synaptic potentials appeared 
considerably increased in amplitude, 

7. The conditions described above remained unchanged for 2-3 hr reverting 
to normal in another hour’s time. 

8. With larger doses of caffeine some spontaneous discharges were observed. 

9. Local application of caffeine to the brain produced only an increase in the 


amplitude of normal reflex response and a negative shift of the potential level. - 


10. The increase in amplitude of the response and the negative shift of the 
potential level are regarded as due to brain action only, while a spinal com- 
ponent is considered responsible for the increase in amplitude of — 
potentials and the synchronization of fast activity. 


The author wishes to thank Drs Crippa and Berger for financial support during this research. 
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THE CONTRIBUTION OF SPINAL CENTRES TO THE ACTION 
OF CAFFEINE ON FROGS’ SPINAL REFLEXES 


By T. GUALTIEROTTI 
From the Istituto di Fisiologia, University of Milan, Italy 


(Received 10 November 1954) 


Previous work (Gualtierotti, 1955) suggested that such changes as are found 
to occur in spinal reflexes of intact or diencephalic frogs after injection of 
caffeine were not fully explained by excitation of centres in the brain. Local 
application of caffeine to the diencephalon reproduced only partially the series 
of alterations in the spinal reflexes which followed intraperitoneal injection of 
the drug. 

The present work was planned in order to show the spinal component of 
the changes induced by caffeine in spinal reflexes. 


METHOD 

The general method of stimulation, recording and treatment with caffeine has already been de- 
scribed (Gualtierotti, 1955). 

During the present research either the curarized frogs were made spinal before injection of 
caffeine, or the intact or diencephalic frogs were first injected and then decerebrated during dif- 
ferent stages of the caffeine action. Decerebration was performed with a single cut through the 
bulbar-spinal area at a level not higher than the last fourth of the medulla. As in the previous 
experiments, the changes induced by caffeine were followed till return to normal. Action, synaptic 
and standing potentials have been recorded both from ventral and dorsal roots. Recording from 
the dorsal root was made either from the uncut appropriate root, all the peripheral sensory path- 
ways being intact, so as to be able to observe also the afferent asynchronous volleys from the 
peripheral receptors antidromically excited; or from another dorsal root, in order to record the 
pure diffuse synaptic potential. 

Local applications of caffeine were made to various parte of the spinal cord and also directly to 
the reflex centres concerned in the response. In some experiments 0-5% (w/v) of caffeine was 
added to the oxygenated Ringer dripping on to the exposed spinal cord. ! 


RESULTS 

Spinal frogs showed the same grouping of action potentials as had been 
described for intact animals, and after nearly the same period of time from the 
injection of caffeine. This, however, was the only phenomenon produced by 
caffeine to be recorded from the ventral roots (Fig. 1). No variation in motor 
synaptic potentials has been observed and no changes in the standing potential. 
The duration of the effect of caffeine was also much shorter than in intact or 
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diencephalic frogs and after an average of only 40 min the spinal reflex 
reverted to normal. The progressive return to normal showed both a decrease 
in the amplitude of the groups and an increase in the duration of the discharge 


Fig. 1 Fig. 2 


Fig. 1. Curarized spinal frog. Record from the most cranial cut ventral root of the sciatic nerve. 


Stimulation of the lateral branch of the lumbar-sacral plexus. Standard reflex response (a) 
in the middle of stimulation. Three minutes after injection of caffeine (b), same time after 
beginning of stimulation as a. Grouping of action potentials has now started. No variation 
in the standing and synaptic potential. Fifteen minutes after injection (c). Grouping of 
action potentials is now complete. No other changes from normal. A.c. gain, 1 cm =100yV; 
d.c. gain, 1 om=3 mV. Time marker 50/sec. Negativity upwards. 3 


Fig. 2. Diencephalic curarized frog, made spinal between c and d. Stimulation and record as in 


Fig. 1, The first stimulus only is shown. Standard response (a). Twelve minutes after injec- 
tion of caffeine (b). The action potentials are now recorded in groups, immediately after the 
stimulus, The synaptic potential is much larger and the typical delay in reaching the maximum 
is clearly shown. These two phenomena are more evident in (c). The animal is made spinal at 


the 18th min. Record after 19 min (d); the action potentials are still in a single group. Some 


change of the synaptic potential is still present. Two minutes later (e) this change of the 
synaptic potential has nearly disappeared, while action potentials are still in a single group, 
immediately following the stimulus. A.c. and d.c. gain and time marker as in Fig. 1. Nega- 
tivity downwards. 
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following each stimulus. If decerebration was done 18 min after injection 
(Fig. 2), the motor synaptic potentials immediately decreased in amplitude to 
nearly normal, but a certain permanence of the phenomenon was observed. 
About 5 min were required to record synaptic potentials of exactly the same 
amplitude as the standard: the decrease was progressive. But the first reduc- 
tion in amplitude was observed promptly after the cutting and was as much as 
9/10 of the whole value. If the cut was made when the standing potential 
showed the increasing negative shift, a sudden jump towards a more negative 
level was seen of the same kind as occurs in normal animals: no further varia- 
tion was apparent after the cut. If grouping of action potentials was already 
complete before the cutting, the cut itself produced some decrease in the 
number of potentials involved in each group; but the general shape remained 
unaltered. 

Three minutes after injection all the synaptic sensory potentials but the 
first appeared remarkably increased in amplitude (Fig. 3): the afferent sensory 
inflow, too, seemed to be increased especially after the first stimulus. This higher 
fast activity did not last long nor did it seem to be connected with the larger 
synaptic potentials. 

Ten minutes after the injection, in fact, while the fast activity reverted to 
approximately the same amplitude as in the standard, the synaptic potentials 
_ grew larger and this time the first one also showed an amplitude double the 
standard. In the same time the duration of the synaptic potentials decreased, 
so that the falling part of the curve was steeper and the temporal summation 
smaller, notwithstanding the fact that the amplitude of each single wave 
appeared to be 3-4 times bigger than normal. 

Fifteen minutes after injection the shortening and increase in amplitude 
of the potentials continued, the maximum being reached 3 min later. At this 
time a very small temporal summation took place while all the potentials 
including the first one, were 4 times the normal or more. During all this period 
the afferent inflow did not change. Return to normal took place slowly in 
about 3 hr. 

From a cut dorsal root the same increase in the amplitude of synaptic 
potentials was observed, though proportionally less evident. Especially the 
shortening of the duration was not so clearly apparent. : 

Similar phenomena were recorded from both ventral and dorsal roots during 
perfusion of the whole of the spinal cord with a 0-5°% solution of caffeine in 
oxygenated Ringer: 10 min after substituting Ringer with caffeine for pure 
oxygenated Ringer the described changes in the reflex took place. Washing off 
the Ringer with the drug added restored the standard response in a little less 
than 1 hr. 

Local application anywhere on the spinal cord of bits of filter paper, 4-5 mm 
across, soaked in a 05% or even in a 1-2% solution of caffeine in no case 
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produced any change in the potentials till after continuous renewal for more 
than 20-30 min. In this case, however, the possibility of an —— and 
general diffusion of the drug could not be excluded. 


Fig. 3. Spinal curarized frog. Record from one intact dorsal root of the sciatic nerve. Stimulation 
as in Fig. 1. Standard response (a): afferent fast activity following antidromic stimulation of 
sensory receptors appears on top of the synaptic potentials. Three minutes after injection of 
caffeine (b). From the second stimulus onwards the synaptic potentials appear much larger, 

while the first one is normal. The top of the synaptic potentials is cut off from the record to 

? show the falling phase only. Fifteen minutes after injection (c), The first synaptic potential 

also shows an increase in amplitude. The falling part of the synaptic potentials becomes 
steeper and their duration shorter (see the last potential in c2). Eighteen minutes after injec- 
tion (d). The amplitude of the synaptic potentials has reached its maximum and their duration © 

* the minimum. The first three stimuliin a1, 51, cl and d1. The last stimulus in a2, 62, c2and 

@2. A.c. gain 1 om =50yuV; d.c. gain 1 cm =2 mV. Time marker 50/sec. Negativity upwards. 


DISCUSSION 


The main change induced in the reflex response by caffeine is an increase in the 
| amplitude of synaptic potentials. The sensory synaptic potentials increase in 
the spinal as in the intact frog, while the motor synaptic potentials vary only 
when at least a part of the brain is connected. 

The grouping of the fast activity recorded in the intact animal is also present 
though to a lesser degree, in the spinal frog, while no general asynchronous 
increase in the motor response is shown at all. As for the negative shift of the 
| _ standing potential recorded after caffeine injection in preparations with at 

least a portion of the brain included, the fact should be emphasized that the 
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cutting off of the brain itself seems to induce the most negative value in the 
standing potential of the spinal cord (Gualtierotti, 19535). It is thus to be 
expected that no further changes could be produced by caffeine in spinal 
preparations. The grouping of action potentials is only observed during per- 
fusion of the whole spinal cord or intraperitoneal injection of a solution of 
caffeine, while local applications, even to the reflex centres directly involved in 
the chosen reflex, fail to produce the same result. The synchronizing effect is 
therefore due to the action of caffeine on a great number of neurones: the 
same happens during strychninization, so that the cutting off of most of the 
spinal cord abolishes the typical strychnine discharges, leaving the reflex 
response normal. On the other hand, it has been demonstrated that no inter- 
vention of the higher brain structures is necessary to obtain synchronization, 
the higher centres exerting, in fact, an antagonistic action on it (Gualtierotti, 
1953a). This explains why synchronization of fast activity after caffeine is still 
present in spinal frogs. - 

The progressive increase in the sensory synaptic potential is accompanied 
by a decrease in its duration. Three minutes after injection of caffeine the first 
stimulus is followed by a normal synaptic potential and only from the second 
stimulus onwards a bigger amplitude is shown. Seven minutes later, however, 
the first stimulus itself elicits a synaptic potential bigger than standard. 

Different interpretations should be resorted to for the increase of the ascen- 
ding part of the synaptic potential and the shortened falling curve. The onset 


of the curve concerns the sensory nuclei directly, the later part being most 


probably due to the internuncials: the decrease in duration of this curve is 
probably due to the same synchronization as that recorded from the ventral 
root, 

The increased onset could not presumably be explained by synchronization — 
in the sensory nuclei only. Indeed, the synaptic potential of the sensory nuclei 
is produced here by a synchronous stimulus coming up through the afferent 
pathways. Thus it is most unlikely that time lags occur among the responses of 
the individual neurones in the sensory nuclei and that such lags could be 
abolished by caffeine. Moreover, the delay between the stimulus and the onset 
of the sensory synaptic potentials as well as the time required for them to 
reach their peak are of such a value as to exclude the possibility of more than 
one synapse being involved. Consequently, the increase recorded must be due 
to a bigger response for each synapse. 

As caffeine exerts a specific action in blocking cholinesterase of nervous 
tissue (Nachmansohn & Schneeman, 1945), the hypothesis might be made that 
the increase in the synaptic potential corresponds to an accumulation of a 
chemical mediator in the synapses, this being due to a delay in its destruction 
by the specific esterase. The general increase in reflex responses due to other 


anticholinesterase drugs, as for instance, eserine (Schweitzer & Wright, 1937; 
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Biilbring & Burn, 1941) shows similar grouping of action potentials to that 
shown by caffeine. No data on sensory synaptic changes after injection of 
eserine are available. The reflex-depressing action obtained by injecting large 
doses of acetylcholine or by some anticholinesterase drugs, as for instance 
physostigmine, does not rule out the above hypothesis. When the increased 
motor synaptic potentials are closely observed after a caffeine injection, the 
fact can be noticed in some experiments that the biggest fast discharges occur at 
a certain intermediate level of the motor synaptic potential, rather than at its 
peak value (Fig. 2): it might be said that, the increase being assumed to be due 
to an accumulation of a chemical mediator, this, above a certain amount, 
blocks the motor discharge, while, below it, the amplitude of the discharge is 


Fig. 4. Mesencephalic curarized frog. Recording from one ventral root of the sciatic nerve. 
Stimulation as in Fig. 1, with single stimuli. Standard response (a). Fifteen minutes after 
injection of caffeine (b): the group of action potentials appears on top of each synaptic 
potential, which is much larger than standard (see Fig. 2). A.c. and d.c, gain, time marker 
and negativity as in Fig. 1. 3 


increased to a maximum. All this fits in with the hypothesis on the action of 
caffeine at synapse level. In some other experiments the reflex motor dis- 
charge starts at the peak of the synaptic motor potential (Fig. 4): it might be 
that in this case the anticholinesterase action of caffeine is maintained at such 
a level as to keep the concentration of the chemical mediator below the level 
at which facilitation of synaptic passage reverts to inhibition. 

The difference between the behaviours of synaptic sensory potential and 
synaptic motor potential after caffeine injection indicates that the latter 
requires a component from the brain to increase its amplitude. Moreover, 


__ after cutting off the brain, the original amplitude is not resumed immediately, 


but requires about 2 min to revert to normal, the decrease being gradual. 
This phenomenon could be due to two different mechanisms: either the basic 
negative potential level of the spinal cord reaches such a value after decerebra- 
tion that each maximal stimulus induces the highest possible depolarization of 
internuncials and motor centres, so that no further increase in synaptic 
potentials could occur following injection of caffeine; or the reflex synaptic 
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motor potentials in intact preparations are partially elicited by a brain com- 
ponent which contributes to the maximum value reached each time: which, of 
course, fails to occur after decerebration. In this case some sort of after-effect 
must take place following the cut, possibly due to a delayed chemical action. 
The most likely assumption is that both mechanisms are responsible. 


| SUMMARY 

1. The action of caffeine on spinal reflexes of curarized frogs has been 
investigated. The animals were made spinal both before and after treatment 
with caffeine. | | 

2. Action, synaptic and standing potentials have been recorded from ventral 
and dorsal roots during reflex stimulation of the cord in normal and treated 
3. A solution of caffeine has been injected intraperitoneally in some 
experiments. In some other experiments the drug was added to the perfusion 
Ringer. In a third group the solution of caffeine was applied directly to various 
parts of the spinal cord. | 

4. Spinal frogs showed synchronization of action potentials, starting 3 min 


after the injection and reaching its peak 18 min from the injection. 


5. The effect of caffeine lasted about 40 min. 

6. No other changes were observed. If the animal was made spinal 15 min 
after the injection, synaptic potentials remained larger than normal for about 
3-5 min, after increasing before the cut. 

7. The amplitude of sensory synaptic potentials increased to a remarkable 
extent after injection of caffeine. : 

8. The same results as after injection were obtained during — with 
caffeine, but not after local application. 


9. The increase in amplitude of sensory synaptic potentials after caffeine 
has been correlated with the anticholinesterase action of the drug. 
10. A brain component in motor synaptic potentials is discussed. 


The author wishes to thank Drs Crippa and Berger for financial support during this research. 
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THE VARIABILITY OF THE THRESHOLD FOR SENSATIONS 
| OF WARMTH EVOKED BY RADIATION 


By GORDON H. WRIGHT 
From the Department of Anatomy, University of Cambridge 
(Received 22 November 1954) 


A sensation of warmth can be evoked by exposure of the skin to visible or 
infrared radiation, only if the radiation falls on a sufficiently large patch of 
skin, if it is of adequate intensity, and if it falls on the skin for a sufficient 
duration of time. We may therefore speak of the threshold extent, intensity and 
duration of a radiant stimulus that evokes a sensation of warmth. These three 
thresholds are very variable: they vary grossly from person to person, from 
one part of the body to another, and from one time to another. The three 
thresholds also vary interdependently ; in the sense that, within limits, if any 
one of the three factors—extent, intensity and duratiom—be modified, then the 
threshold in respect of each of the other two factors is altered. Thus there is a 
reciprocal relationship between threshold intensity and threshold extent 
(Bohnenkamp & Pasquay, 1932; Hardy & Oppel, 1937): between threshold 
extent and threshold duration (measured as reaction time, to which it closely 
approximates) (Bohnenkamp & Schroer, 1932; Wright, 1951): and between 
threshold duration and threshold intensity (Bohnenkamp & Schroer, 1932; 
Wright, 1951). This paper reports the results of a simple experiment designed to 
bring out some of these relationships. 


. METHOD AND APPARATUS 


Sensations of warmth were evoked by irradiating the skin with the beam produced by a 1000 W 
tungsten-filament bulb with a concave mirror behind it. The beam was passed through a simple 
system of glass lenses so that even illumination was obtained in the plane of the subject’s skin. 
The effective intensity of the beam could be reduced, as required, by a device of rotating sectors 
placed in its path; and the area of skin irradiated was controlled by a series of masks with circular 
apertures. Each stimulus was continued until the subject signalled, by releasing a telegraph-key, 
that he had experienced a sensation of warmth. The moment of application of the stimulus and 
moment of release of the subject’s key were recorded on a kymograph, so that the reaction time 
could be determined. If 15 sec exposure failed to evoke a sensation, a ‘miss’ was recorded. Thus 
the result of each exposure was given as a reaction time (RT') or as a miss. Full details of the ap- 
paratus and of the technique of testing have been given in an earlier paper (Wright, 1951). 
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Fifty volunteer male medical students acted as subjects. Each received a very brief, strictly 
empirical training in the technique of testing, without explanation of its purpose; and each took 
part in only one experiment. In each of them the same test-sites were used—the back of the left 
hand, and the upper part of the anterior abdominal wall. These test-sites were blackened with 
indian ink, as recommended by Herget, Granath & Hardy (1941). 

Ten intensities were used, from 0-0032 to 0-072 cal/em*.sec; they formed a geometric series of» 
factor ./2. Ten different circular apertures were used, of area 0-36-87 cm*; they also formed a 
geometric series of factor ./2. The following combinations were employed: (a) Maximal area, with 
each of the ten intensities. These ten combinations are referred to below as the ‘I’ stimuli. 
(6) Maximal intensity, with each of the ten areas. These combinations are referred to below as the 
‘A’ stimuli. Since one stimulus (of maximal extent and intensity) is common to these two groups, . 
there were in fact nineteen different stimuli, not twenty. One man was tested at a time, his two 
skin-areas being stimulated alternately, at intervals of 1 min or more, Each site received the 
same nineteen stimuli, though in random orders that were different for the two sites, and different 
for each of the fifty men. The attempt was made to apply the stimuli randomly within the 
boundaries of the test-sites. 


RESULTS 
The shatiatlen that follow are based on three numerical values for each site, in 
each subject. 

(i) The number of A misses, that is the number of ain of constant 
(maximal) intensity but differing areas (the A stimuli), out of the total of ten 
presented, that failed to evoke a sensation. 

(ii) The number of J misses, that is the number of stimuli of constant area 
but differing intensities (the J stimuli), out of the ten presented, that failed 
to evoke a sensation. 

(ii) The reaction time (RT) of the sensation of arms that ‘was evoked by 
the stimulus of maximal extent and intensity. 

_ A misses. There were gross individual differences. On the hand the number 
of missed A stimuli varied from 0 to 5, and on the abdomen it varied from 
0 to 8, out of ten. There was no correlation between the figures for the two 
sites; a man whose ‘score’ for the hand was 0, might have any score, high, 
medium or low, for the abdomen; and so on. The ‘ product moment’ correlation 
_ (r) between the two sets of results was found to be zero. The wide spread of 
these figures, for both sites, and the zero correlation between the two sets, are 
illustrated in Fig. 1. . 

I misses. The variability of the J misses was as great as that of the A misses; 
there were from 0 to 5 on the hand, and from 2 to 8 on the abdomen. There was 
zero correlation between the scores for the hand and those for the abdomen, 
the coefficient of correlation (r) being —0-017; to be significant at the 5% 
level, r would need to be greater than 0-27. 

Reaction times. The RT for the sensation evoked by the largest and most 
intense stimulus varied greatly, from 0-64 to 3-3 sec on the hand, and from 
0:96 to 7-2 sec on the abdomen. Once again, there was found to he zero correla- 
tion between the sets of figures for the two sites, r being —0-12. 
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Fig. 1. Ten stimuli, all of the same (maximal) intensity but of different areas, were applied to both 
abdomen and hand in each of fifty subjects. Each point in the figure stands for one subject; 
thus there were four men who each missed one stimulus on the abdomen but none on the 
hand, and there were three men who missed three stimuli on the abdomen and two on the 
hand. The figure illustrates the gross individual variation and also the zero correlation found 
between the two sites (r=0). 


Abdomen. When one considers together the three sets of figures for a single 
site (A misses, J misses and R7’s), significant correlations appear. In the case 
of the abdomen, the number of J misses is. found to be positively correlated 
with the number of A misses (r =0-49, Fig. 2). Likewise, the RT is found to be 
positively correlated with the number of A misses (r =0-46, Fig. 3). 

Hand. Similar positive correlations are found between the three sets of 
figures for the hand. The number of J misses is correlated with the number of 


(r =0-37). These significant correlations found in the results for each site con- 
sidered separately are in sharp contrast with the zero correlation between the 
results for the two sites considered together. 
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_ Number of A misses on abdomen 


Fig. 2. In each of fifty subjects the abdomen was exposed to ten stimuli of maximal intensity but 


differing areas (A stimuli) and to ten stimuli of maximal area but differing intensities (J 
stimuli). Each point in the figure stands for one subject; thus there was one man who missed 
eight A stimuli and also eight J stimuli, and there were six men who each missed two A stimuli 
and four J stimuli. There was a significant positive correlation (r =0-49) between the two sets 
of numbers; the best-fitting straight line is shown. 


r =0-46 
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Number of A misses 


Fig. 3. In each of fifty subjects, the abdomen was exposed to ten stimuli of maximal intensity 


but of differing area (A stimuli), Each point in the figure stands for one man; it shows the 
number of A stimuli he missed, and his reaction time for the largest. Thus there were four 
men, each of whom missed four of the A stimuli and had a reaction time of 1-7 sec. There was 
a significant positive correlation (r=0-46) between R7' and number of A misses. 
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DISCUSSION 

(a) Interpretation of the A misses 
The number of missed A stimuli varied from 0 to 5 on the hand, and from 0 to 8 
on the abdomen. Although in most cases those stimuli that were missed were 
the smallest of the series, there were significant exceptions. A subject might 
fail to respond to stimuli larger than some other stimuli that had evoked 
sensations; examples make this clear. If one writes out the responses of each 
man to the ten A stimuli as a row of ten entries, + for a sensation and 0 for a 


miss, in the order of the stimuli from largest to smallest, then a typical row is 
like this: 


++ 00, 
But another subject’s row can be like this: 
+++ tttt 040, 


There were ten men who missed four stimuli each on the abdomen, their 
responses being as follows: | 


: four men, 
: one man, 
: two men, 
: one man, 
: one man, 
: one man. 
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These seemingly erratic responses can be given a simple geometrical explana- 
tion, if one accepts the existence of warmth-‘spots’; that is, of rather small, 
circumscribed regions from which sensations of warmth can be elicited, the rest 
of the skin-surface being insensitive in that respect. The existence of such 
warmth-‘ spots’ when one explores the skin-surface with a warm object that is 
brought into contact with the skin, is well established. Similar observations 
have been made, using a radiant stimulus; it is possible to evoke a sensation of 
warmth by exposure of an area as small as 2 mm? (Bohnenkamp & Schroer, 
1932), and yet to fail to evoke a sensation by the stimulation, at maximal 
intensity, of an area as large as 1780 mm*—as was observed in this series of 
experiments: what is significant is the locus, as well as the extent of the area 
irradiated. What exactly constitutes a warmth-spot is in doubt; there must at — 
any rate be present an excitable receptor or group of receptors of appropriate 
kind, and the thermal conditions in the neighbouring skin must be appropriate. 
Now warmth-spots plotted by contact-stimulation of the skin are extremely 
labile; they appear and disappear between one testing and the next in a 


seemingly unpredictable manner: Waterston (1923) pointed out that the capil- 
22 PHYSIO, CXXVIH 
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lary blood vessels in the skin are continually undergoing constriction and 
dilatation, and he suggested that this capillary ‘fluctuation’, by raising and 
lowering the excitability of the warmth-receptors, is the cause of the lability of 
the warmth-spots. The thermal conditions close to a group of receptors, and 
the'exact phase of the capillary fluctuation, are probably the important factors 
determining the threshold of the group of receptors: there may be a factor of 
personal ‘sensitiveness’, but this is likely to be of minor importance, because 
there is zero correlation between the sensitivities of the two sites tested— 
whereas such a factor, if of major importance, would tend to equalize the 
sensitivities at the two sites. 

It is therefore probable that, whether one uses contact or radiant stimuli, 
the sense-organ for warmth behaves not like a continuum but like an array or 
pattern of sensitive spots. (It should, however, be mentioned that Hardy & 
Oppel (1937) consider it probable, in the forehead at least, that 


..-each end organ responds to stimulation over a considerable skin area. This latter possibility, 
as well as the fact that penetration of radiation does not increase the number of end organs 


responding, supports the idea that the endings respond to the thermal changes occurring in a 
blood vessel network which forms a layer of high thermal conductivity under the skin surface. The 
venous and arterial plexuses of Spalteholtz probably represent such a layer. 

The close analogy between such a system and the physicist’s radiation thermopile is in- 
teresting. ...) 


It is then easy to understand that the irradiation of a limited area of skin 
results in a sensation or in a miss, according as a warmth-spot is, or is not, in 
the irradiated field. A large stimulus may be ineffective and yet a much smaller 
one effective, simply because the one has fallen on a warmth-spot but the 
other has not. The intensity of all the A stimuli was high enough (0-072 cal/ 
cm*.sec), and the duration of all that were missed was long enough (15 sec), to 
make one suppose, in the event of a miss, that if an active warmth-spot had 
been present in the irradiated field it would have been excited. The A stimuli 
were applied randomly within the boundaries of the test-site, and thus some- 
what irregular successions of sensations and misses were to be expected; some 
examples of this have been given. Other aspects of the variability to be 
expected in the responses from a sense-organ of this kind have been discussed, 
with some quantitative conclusions, elsewhere (Wright, 1954); for present 
purposes it is necessary only to point out that if the mesh of the sensory pattern 
is coarse, stimuli of greater extent are likely to be missed than if the mesh is 
fine (Fig. 4). There will thus be a general relationship between the coarseness of 
the mesh at a particular site, and the number of A stimuli missed at that site; 
exact correspondence cannot, of course, be expected, for the very reason that 
there is such geometrical variability. 

We may conclude that, in general, a large number of A misses indicates a 
coarse-meshed pattern of warmth-spots, and that a small number of A misses 
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Fig. 4. This figure represents, in two-dimensional projection, the layout of the peripheral sense- 
organ for warmth, on the ‘warmth-spot’ hypothesis. If the mesh of the pattern is coarse, as 
in A, larger areas of skin can be irradiated without sensation being evoked, than if the mesh is 
fine, as in B. 


is indicative of a finer sensory mesh. This argument does not rest on any suppo- 
sition of regularity of the sensory pattern; but the greater the irregularity of 
the pattern, the less precise would be the correspondence between the number 
of A misses and the coarseness of the mesh. 


(b) Interpretation of the I masses 
The number of missed J stimuli varied from 0 to 5 on the hand, and from 
2 to 8 on the abdomen. Although in most cases the stimuli that a subject 
missed were weaker than those that evoked sensation, there were several 


exceptions. None the less, it was possible to say that the patterns of the J 


misses did indicate fairly definite intensity-thresholds, which varied grossly 
from one subject to another. It is important to reiterate that there was zero 
correlation between the numbers of J stimuli missed at the two sites; that is to 
say, that the numbers of misses could not be attributed to personal factors of 
‘ sensitiveness ’, 

There was, however, a positive correlation for each particular site, between 
the numbers of J misses and the numbers of A misses at that same site (Fig. 2). _ 
This can now be expressed thus; that there was a significant negative correla- 


_ tion between the numbers of J misses and the probable numbers of warmth- 


spots, at each site; the larger the number of warmth-spots a man had, the 


lower was his intensity-threshold at that site. In other words, there was a 
| 22-2 
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spatial summation. Now a similar effect has been demonstrated by Hardy & 
Oppel (1937), who showed that the intensity-threshold is lower when a large 
area is irradiated than when a small area is irradiated, in the same subject; 


_ they attributed the effect to the stimulation of additional end-organs. There is, 


however, an important difference between the conditions of their observations, 
and the conditions of the present ones. In these experiments, the extent of the 
irradiated area of skin has been exactly the same every time; in their experi- 
ments the extent was varied. The thermal conditions in the skin were thus 
strictly comparable in all experiments of the present series, whereas in the 
other series they were altered in the course of a single experiment. Now if R be 
the radius of a circle, the ratio of its circumference to its area is 2/R. This ratio 
is large for a small circle, and small for a large circle. We should therefore 
expect the loss of heat by conduction into surrounding tissues to be relatively 
greater from a small circular patch of skin than from a large one (Cook, 1952). 
Thus, although Hardy & Oppel (1937) were undoubtedly right to think that 
spatial summation was a factor in the lowering of the threshold that they found 
when they increased the area of irradiation, the lowering may well have been 
due also, in part, to other factors. In the experiments reported here, the area 
stimulated was the same in every case, and therefore the thermal conditions 
were more nearly comparable. It could be argued that differences of threshold 
between one subject and another were due to differences of initial skin tem- 
perature; but Thauer & Ebaugh (1952) have shown, in two subjects, that the 
intensity-threshold for the face and upper trunk is independent of initial 
skin temperature on the forehead, in the range 31-5-35-8° C, which corre- 
sponds to air temperatures from 16 to 38° C. Bohnenkamp & Pasquay (1932), 
using radiant stimuli, found that the rise of temperature close to a warmth- 
spot, measured at the moment that a threshold sensation of warmth was evoked, 
was inversely related to the number of warmth-spots that were being stimulated 
simultaneously ; but ge 4 gave no details of the extent or intensity of the various 
stimuli used. | 


(c) Interpretation of the reaction times 
The RT is not quite the same as the duration-threshold, for the RT has 
additional components—notably the time taken up in conduction along the 


' motor pathways, and the latency of the muscles. The difference is, however, 
_ probably not greater than 45 msec (Wright, 1951), an amount that can be 


ignored in a total that ranges from 0-64 to 7-2 sec. As already stated, at each 
site the RT is positively correlated with the number of A misses at that site. 
This finding can now be stated in another way: that the RT is negatively 
correlated with the number of warmth-spots in the irradiated field. It has 
already been shown that the RT is lower when the field of irradiation is large 
than when it is small; this difference may be due to the larger numbers of 
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receptors stimulated, as is certainly the explanation of the analogous findings 
for the retina (Wright, 1951). Bohnenkamp & Schroer (1932) found a similar 
relationship between RT and area, when irradiating a patch of skin that con- 
tained a single warmth-spot previously located by contact stimuli; however, 
they measured the temperature-changes occurring close to the warmth-spot, 
and showed that a sensation of warmth was always evoked when the tempera- 
ture rise reached the same critical value. This illustrates well the point made by 
Cook (1952) that the difference in behaviour of a large patch of skin from that 
of a small one may be due to the difference in degree of heat loss, rather than 
to spatial summation. Thus the same argument about differing thermal con- 
ditions, that was developed in the previous section, applies to this case also. 
The new results afford a better demonstration that the lowering of RT is due 
to spatial summation. a 


_ (d) Interpretation of individual differences 

Detailed accounts have already been given of the very gross differences 
between one subject and another, in respect of A misses, J misses and RT7’s. 
It seems unlikely that these differences are due to some factor of personal 
‘sensitiveness’ of sensory receptors; for such a factor might be supposed to 
operate at both of the sites tested, and yet there was zero correlation between 
hand and abdomen in every respect. However, no such explanation need be 
invoked; for implicit in the interpretations of the three previous sections has 
been the assumption that the density of the warmth-spots can vary from 
subject to subject. One subject has a high density of warmth-spots and hence 


‘has few A misses, few J misses, and a short RT; another has a low density of 


warmth-spots and hence has many A misses, many J misses, and a long RT. 
It therefore seems as though individual variation is due very largely to dif- 
ferences in the densities of warmth-spots at the sites tested. We may, then, say 
that the ‘sensitive’ man is the man who, at the site tested, has more than the 
average number of warmth-spots. The factors determining this individual 
preponderance are probably peripheral rather than central, in view of the zero 
correlation between the responses of abdomen and hand. 


(e) Interpretation of topical differences 

In most of the subjects the hand was found to be more sensitive than the 
abdomen. In forty-six men out of fifty the RT was higher on the abdomen, 
and in forty-two there were more J misses on the abdomen. Hardy & Oppel 
(1937) and Wright (1951) suggested that such differences between one site and 
another might be due to differences in density of specific receptors. The present 
series provides more positive evidence on this point: twenty-nine men out of 
fifty had more A misses on the abdomen than on the hand, and ten more had 
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equal numbers of A misses at the two sites. The mean preponderance of A 
misses on the abdomen, for the whole group, was 0°86 (s.z. 0°34; that-is, less 
than half this mean). This preponderance of A misses on the abdomen suggests 
a lower average density of warmth-spots at that site. 

A difference in the density of warmth-spots at two sites is therefore likely to 
be a cause of the difference in their thresholds; but it has been shown else- 
where (Wright, 1955) that the difference of sensory ‘mesh’ between hand and 
abdomen accounts only in small part for the large difference in sensitivity. 


(f) Other aspects of variability ; 

Even when every attempt has been made to secure constancy of physical 
conditions, and when due allowance has been made for those physiological 
factors affecting the sensory threshold that have just been discussed, there is 
still a variability of the threshold from one time of testing to another. This 
might be due to any of a large number of factors, peripheral or central; but so 
much of the analysis of the sensory responses in this series has proved possible 
in terms of numbers of warmth-spots, that it is worth looking for a similar 
explanation in this instance. No mapping of ‘spots’ has been done with radiant 
stimuli to see if, in fact, they do appear and disappear with the passing of time: 
but such a shifting of the pattern of warmth-spots mapped by contact stimuli 
is a well-known phenomenon, confirmed by many observers (Waterston, 1923). 
If there is an identity between the warmth-spots that are sensitive to the two 


kinds of stimulus, as is probable from the observations of Bohnenkamp & 


Schroer (1932), then there must be a variability in the sensory pattern now 
under consideration (due perhaps, as Waterston suggested, to capillary fluctua- 
tion), that will inevitably bring with it a variability in response, of the type 
observed. Such a fluctuation in the sensitivity of the individual warmth-spots 
must still further complicate the geometrical factor of variability discussed in 
§ (a). At present there is no means of deciding the relative importance of the 
two factors in the variability of the responses. 


Conclusions 


Attempts to measure the sensory threshold for warmth with radiant stinouli 
reveal an almost bewildering variability of the responses. Many of the observa- 
tions made with radiant stimuli can, however, be interpreted with the help of 
the concept of ‘warmth-spots’, which was developed to account for the results 
of a mapping of the skin with contact stimuli (Sherrington, 1900). In terms of 
the numbers of warmth-spots one can give simple explanations of the varia- 
bility of the different types of threshold, and of their interrelations; of the dif- 
ferences in sensitivity between one subject and another and, to some extent, 
of the differences between one part of the body and another; and possibly also 
an explanation of the variations that are found, from one time to another. 
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SUMMARY 


1. A study has been made of the threshold for sensations of warmth évoked 
by visible and infrared radiation, in fifty subjects; in each of them the same 


- test-sites were used, the back of the hand and the upper abdomen. 


2. There are three thresholds, threshold extent, intensity and duration, 
which vary interdependently and also vary, grossly, from person to person, 
from site to site, and from one time to another. 

3. These variations are accounted for in terms of the ‘ —— 
hypothesis. 

4. Spatial summation has been demonstrated, in respect of intensity thres- 
hold and of reaction time. 

5. A striking observation is the zero correlation, in all the respects measured, 
between a subject’s results for the hand and his results for the abdomen. 


I am much indebted to Mr K. Thurley for the construction of apparatus. 
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THE CARDIAC MURMUR FROM THE PATENT DUCTUS 
ARTERIOSUS IN NEWBORN LAMBS 


By G. 8. DAWES, JOAN C. MOTT ann J. G. WIDDICOMBE 
From the Nuffield Institute for Medical Research, University of Oxford 


(Received 24 November 1954) 


Artificial ventilation of the lungs of the newborn lamb delivered under general 
anaesthesia leads to a decrease in pulmonary vascular resistance so great that, 
although pulmonary arterial pressure falls, yet pulmonary blood flow in- 
creases from three- to tenfold. One consequence is that blood now passes 
through the ductus arteriosus from the aorta to the pulmonary trunk, that is, 
in the opposite direction to the course of the blood stream in foetal life. This 
reversal of flow through the ductus arteriosus is independent of the tying of the 
umbilical cord, though this will of course favour its development by raising 
systemic arterial resistance (Dawes, Mott, Widdicombe & Wyatt, 1953). No 
evidence of closure of the ductus arteriosus was obtained in the course of these 
experiments, and since it had previously been thought that the ductus arterio- 
sus became functionally closed very shortly after birth (Barclay, Franklin & 
Prichard, 1944), the reversal of blood flow through the ductus arteriosus seemed 
to merit closer attention. 

One possible consequence of this reversal of blood flow would be the dielidop- 
ment of a murmur from the ductus arteriosus, similar to that heard in most 
human beings whose ductus arteriosus is still patent. We therefore examined 
newborn lambs, delivered naturally or by caesarian section, and observed the 
development of a murmur and thrill from the junction of the ductus arteriosus 
with the pulmonary trunk. This paper describes the natural history and 
artificial production of these phenomena. 


METHODS 


The lambs used for the experiments to be described were either mature foetuses (within 2 weeks of 
term) of the Welsh or Clun Forest-Hampshire cross breeds, or newborn animals (up to 8 days old) 
of the same or other (Border Leicester-Cheviot, Border Leicester, Suffolk) breeds. 

For those experiments which involved opening the foetal chest immediately, the ewe was anaes- 
thetized with Dial-urethane (diallylbarbituric acid 0-19, urethane 0-4 g/ml.; mean dose 0-29 ml./ 
kg) or sodium pentobarbitone (mean dose 37 mg/kg) given intravenously, and caesarian section 
was carried out as described previously (Dawes, Mott, Widdicombe & Wyatt, 1953). 
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Twenty lambs which were to breathe spontaneously were delivered with the ewe under local 
anaesthesia. For this the skin of the abdomen was infiltrated with 2% procaine solution. When the 
skin incision had been completed in the usual way, the underlying muscle was infiltrated with the 
anaesthetic solution, special attention being paid to the region of attachment of the udder, and the 
muscle wall and peritoneum were then incised to expose the uterus. The subsequent procedure was 
the same as with the ewe under a general anaesthetic except that more care was required to prevent 
the lamb breathing immediately on delivery (by slipping a saline-filled bag over its head) if so 
desired. As soon as the umbilical cord was tied, the ewe was given a general anaesthetic through 
a cannula (previously inserted under local anaesthesia) in the jugular vein. 

Lambs which had led an independent existence were anaesthetized with small doses of Dial- 
urethane (mean 0-22 ml./kg) or sodium pentobarbitone (mean 15 mg/kg) injected into the jugular 
vein exposed under local anaesthesia. 

Murmurs from the cardiovascular system were detected by using a conventional stethoscope and 
were also recorded, together with the electrocardiogram, on an Elmquist inkwriting phonocardio- 
graph, which had a frequency response which was flat up to 600 c/s. 

Arterial pressures were measured with condenser manometers as described previously (Dawes, 
Mott, Widdicombe & Wyatt, 1953). To record the very rapid vibrations from the pulmonary trunk, 
the manometer gauge head was attached to the vessel by a short wide needle, so that the ears 
response of the assembly was often 250 c/s or more. 

Blood samples were analysed for oxygen content by the micromethod of Roughton & tiikchaeser 
(1943). 

The physical conditions required to cause a murmur from the ductus arteriosus were investi- 
gated using the preparation illustrated in Fig. 1. The procedure was as follows. The lamb was not 
allowed to breathe, so that the circulation remained in the foetal condition; the chest was opened 
in the midline and the abdomen in the left lower quadrant. Heparin was injected and the central 
ends of the arch of the aorta and of the intra-abdominal portion of the left umbilical artery were 
joined to form an artificial descending aorta. Positive pressure ventilation was now begun and the 
descending aorta was tied off immediately above the origin of the uppermost intercostal artery. 
A cannula was introduced into the isolated segment of the descending aorta, which contained the — 
junction with the ductus arteriosus, and a density flowmeter (Dawes, Mott & Vane, 1953) was 
attached between it and a side connexion of the artificial aorta. Finally the umbilical cord was 
tied. This arrangement permitted the measurement of the volume of blood passing per minute from 
the artificial aorta to the pulmonary trunk through the ductus arteriosus; the lower part of the 
lamb was still supplied with blood through the left umbilical artery. 

One condenser manometer was connected to a side arm of the tube leaving the flowmeter and 
another was attached to a needle inserted into the pulmonary trunk. The intensity of the murmur 
was measured by applying the phonocardiograph pick-up directly to the pulmonary trunk, 

A piece of red tape 6 mm wide was passed round the ductus arteriosus and threaded into the 
apparatus shown in Fig. 2 where it was anchored by tightening screw A. As the screw thread B 
was turned clockwise, the tape round the ductus tightened, and as soon as the slack had been taken 
up, began to occlude the ductus. Each complete revolution of the screw reduced the circumference 
of the ductus by 2mm. Making certain assumptions, which are described in more detail under 
results, this allowed the calculation of the internal cross-sectional area of the ductus, and hence, 
using the volume flow measurements, sa velocity of flow through the ductus for any given degree 
of constriction. 


RESULTS 
Ewes which were within 10 days or less of full term were anaesthetized by local 
infiltration of the abdominal wall with procaine. The lambs were delivered and 
the umbilical cord was tied, the air passages were cleared of amniotic fluid as 
quickly as possible and the lambs began to breathe at once. With few excep- 
tions their progress was excellent. In a few minutes they began to bleat, and 
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made efforts to stand. As much moisture as possible was removed from their 
wool with dry towels; they gradually became warmer and ceased shivering. 
After about an hour they were able to get up on their feet on a rather slippery 
floor and to take milk from a bottle. Their first respiratory efforts were often 


Left umbilical 


Fig. 1 


Fig. 1. Schematic diagram of preparation used for studying the rate of blood flow through 
the ductus arteriosus (p.a.) and the production of a murmur. 


Fig. 2. Apparatus used for progressive constriction of the ductus arteriosus, by tightening 
a 6 mm wide tape passed around the vessel. 


gasping in nature, but soon became regular and less laboured. At first their 
breath sounds, as heard through a stethoscope, were very ‘bubbly’; after about 
_half an hour they began to be-much quieter. During these first few hours they 
showed, from time to time, obvious signs of hunger, and when this was satisfied, 
they would sleep for a while in a warm corner. 
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No unusual cardiac sounds were heard in lambs which had not started to 
breathe and whose umbilical cords were still intact. Between 5 and 15 min 
after respiratory movements began, a soft murmur became audible when the 
stethoscope bell was applied to the left side of the chest, in the mid-axillary 
line or slightly more medially in the third intercostal space or over the fourth 
rib, shown on opening the chest to be immediately over the ductus arteriosus, 
When first heard the murmur was faint and difficult to detect among the breath 
sounds, which were very loud; the murmur was sharply localized at this time, 
and a movement of the stethoscope bell half a cm in any direction was sufficient 
for it to disappear. Within a half to one hour after delivery it became clearer, 


Fig. 3. Lamb unanaesthetized, breathing spontaneously, 4 hr old. Records of the electrocardio- 


gram (below) and phonocardiogram (above) to show the murmur heard on the left side of the 
chest from the ductus arteriosus (a), as compared with the normal heart sounds over the apex 
beat (0). 


partly because the breath sounds were now softer, but also because the intensity 


of the murmur had itself increased. It was usually still well localized, but it 


was now sometimes possible to hear that it was almost continuous throughout 
the cardiac cycle and loudest at or just after the end of systole (Fig. 3a). The 
first and second heart sounds recorded at the apex are clearly distinguishable in 
Fig. 3b. The first heart sound can just be seen in Fig. 3a, but the second heart 
sound is swallowed up in the murmur, as in that heard in persistent patent 
ductus arteriosus in man. 

In some lambs the intensity of the murmur varied considerably with respira- 
tion. Fig. 4 shows a particularly striking example of this phenomenon, in 
which the lamb has been anaesthetized but was still breathing spontaneously ; 
the skin had been removed from the left side of the chest wall and the phono- 
cardiograph pick-up applied to the underlying muscles over the point of maxi- 
mum intensity. The murmur became much louder during expiration, a pheno- 
menon which is probably accounted for by changes in pulmonary vascular 
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resistance during the respiratory cycle, and consequent alterations in the 
velocity of flow through the ductus arteriosus. | 

During the next hour or so the murmur became louder, it was now much 
easier to detect because it radiated medially from the point of maximum in- 
tensity. When the stethoscope bell was moved laterally even a small distance 
from the point of maximum intensity, the murmur completely disappeared. 
These characteristics agree perfectly with a murmur generated by flow through 
a constricted ductus from descending aorta to pulmonary trunk; they are in- 
compatible with flow in the reverse direction, as will be shown below. 


Fig. 4. Lamb lightly anaesthetized with pentobarbitone, 6 hr old, breathing spontaneously. 
Records of the electrocardiogram (below) and phonocardiogram (above) to show the particu- 
larly large variations in intensity of the murmur from the ductus arteriosus during a respira- 
tory cycle. The murmur became louder during expiration. 


After the murmur had been observed for a certain length of time, the lamb 


was given a general anaesthetic (Dial-urethane or pentobarbitone intra- 


venously) and the chest was opened during artificial respiration, at the point of 
maximum intensity. This always coincided with the junction of the ductus 
arteriosus and the pulmonary trunk. The phonocardiograph pick-up was then 
applied directly to the junction, and it was found that the intensity of the 
murmur was about 5 times greater. It was also quite clear from such records 
that the murmur was usually continuous throughout the cardiac cycle, though 
this was not always apparent when listening with a stethoscope through 
the chest wall. 

Direct application of the phonocardiograph pick-up to the pulmonary trunk 
showed that the murmur radiated from the point of maximum intensity 
(the junction with the ductus arteriosus) up towards the pulmonary valves, and 
to a lesser extent down the pulmonary artery. No abnormal sounds were heard 
from the descending aorta. This contrasts with observations made on lambs 
recently delivered by caesarian section under general anaesthesia, which 
were not breathing and whose placental circulation was still intact. In these 
(foetal) conditions blood was flowing through the ductus arteriosus from 
pulmonary trunk to. descending aorta and no abnormal sounds were audible 
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in the pulmonary trunk, pulmonary artery or descending aorta. But when 
a loop of thread was passed gently round the ductus arteriosus, so as to 
constrict it somewhat, a murmur appeared whose maximum intensity was at 
the junction of the descending aorta and ductus arteriosus, and which radi- 
ated down the descending aorta. This illustrates the fact that no murmur 
is normally generated from the ductus arteriosus unless its lumen is narrowed, 
and that the murmur so generated radiates in the direction of flow. 


Fig. 5. Anaesthetized lamb 5 hr old; positive pressure ventilation. Continuous records of the 
electrocardiogram (below) and the phonocardiogram (above). At the abrupt deflexions in the 
e.c.g. record the ductus arteriosus was first occluded by a thread passed round it, and later 
released. 

These considerations left little doubt that the murmur heard through the 
chest wall was due to flow through a constricted ductus arteriosus from aorta 
to pulmonary trunk. This conclusion is reinforced by the fact that when a loop 
of thread was passed round the ductus arteriosus and the ductus was wholly 
occluded, the murmur disappeared, to reappear when the ductus was released 
(Fig. 5). Total occlusion of the ductus arteriosus caused a rise in femoral arterial 
pressure at the same time; in some lambs.pulmonary arterial pressure was also 
recorded, and this always fell when the ductus was occluded, as was to be 
expected. Thus occlusion of the ductus arteriosus increased the pressure 
difference between aorta and pulmonary trunk; when the ductus was released 
one would therefore expect a temporary increase in the velocity of flow through 
the ductus arteriosus, until equilibrium was once more attained. Fig. 5 shows 
that the intensity of the murmur increased for two to three cardiac cycles after 
release of the ductus, which would be consistent with this expectation if there 
were a relationship between the velocity of flow through the ductus arteriosus 
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and the intensity of the murmur. In other experiments in which a thread round 
the ductus was slowly drawn tight, the intensity of the murmur at first in- 
creased and then diminished, finally disappearing on complete occlusion. 

We had the opportunity to compare the murmur from a patent ductus 
arteriosus with a murmur caused by damage to an aortic valve in one lamb. 
There had been some difficulty in withdrawing blood samples from the left 
carotid arterial catheter because of clotting, and in an effort to clear the 
catheter a fine wire was passed down it, evidently too far, as post-mortem 
examination showed damage to one aortic cusp. The characteristics of this 
murmur were quite different from that due to a constricted ductus arteriosus. 


Fig. 6. Lamb | hr old; anaesthetized but with chest intact and breathing spontaneously. Records 
of the electrocardiogram (below) and phonocardiogram (above) from the anterior chest wall 
to show a murmur due to damage to an aortic cusp. 


The point of maximum intensity of the former was much more medial, and it 
radiated more widely. On opening the chest and applying the pick-up of the 
phonocardiograph to the pulmonary trunk the murmur was not very much 
louder than from the chest wall. This aortic murmur was louder over the 
pulmonary valves than at the junction of pulmonary trunk and ductus. The 
phonocardiograph records also showed a very different time relation of the 
murmur to the cardiac cycle (Fig. 6); it was mainly systolic in character, 
though a small oscillation is to be seen between the 7 and QRS deflexions of the 
electrocardiogram. There is thus evidence both of aortic stenosis and regurgita- 
tion, a conclusion which would be consistent with the lesion. 


The palpable thrill in the pulmonary trunk, 

In some of the lambs which had been artificially ventilated for a short while, 
or which had breathed spontaneously, a palpable thrill was felt over the pul- 
monary trunk when the chest was opened. The presence of a thrill was always 
associated with an exceptionally loud murmur. 

The particular feature of this phenomenon to which we wish to draw atten- 
tion is that the presence of a thrill was always associated with very rapid 
oscillations superimposed on the normally smooth pulse wave recorded from 
the pulmonary trunk (Fig. 7). The frequency response (approximately 250 c/s) 
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and damping of the condenser manometer assembly which was used for making 
this and similar records was certainly not adequate to give a true record of 
these vibrations, whose frequency is much greater than the fastest ever 
recorded in a normal pulse wave. They are not artifacts, since their appearance 
is always connected with a palpable thrill, and since they disappear when the 
ductus arteriosus is occluded (Fig. 7) just as the murmur disappears (Fig. 5). 


Fig. 7. Mature lamb 6 hr after delivery by caesarian section under local anaesthesia. Condenser 
manometer records of femoral arterial pressure (above), pressure in pulmonary trunk (below); 
signal mark and time in 75 sec interrupted once every second. The ductus arteriosus was 
occluded by a thread drawn round it at the first signal mark, and released at the second 


Fig. 8. Lamb 2 days old, positive pressure ventilation, chest open to give access to great vessels. 
Pressures recorded by condenser manometers from needles in the descending aorta (above) 
and pulmonary trunk (below) at their junctions with the ductus arteriosus; time in y's sec 
interrupted once every second. Note the respiratory variations in the pressure waves. 


They often show respiratory variations (Fig. 8) just as does the murmur 
(Fig. 4). The obvious explanation of these vibrations is that they are caused by 
turbulence within the pulmonary trunk, and give rise to the murmur and thrill. 

These observations were made incidentally during the course of experiments 
designed for other purposes. It seemed desirable to make a more systematic 
study, since the thrill can readily be detected on the pulmonary trunk pulse 
record, and might therefore provide objective evidence of partial closure of the 
ductus arteriosus, similar to that derived from the murmur. Simultaneous 
_ condenser manometer pressure records were therefore obtained in foetal lambs 


3 
mm Hg : 
on 
‘= 
mark. 
mm Hg 2 
100 3 
& 
3 
45 
M 
* 
x 


352 G. S. DAWES, JOAN C. MOTT AND J. G. WIDDICOMBE 


from needles introduced into the pulmonary trunk and descending aorta close 
to the ductus arteriosus. The lambs, whose chests v ere opened on the left side, 
with resection of two ribs, were then ventilated and the umbilical cords tied. 
Fig. 9 illustrates the subsequent course of events in a typical experiment. 

There was an abrupt fall of both pulmonary and systemic arterial pressure fol- 
lowed by a progressive divergence between the two. Hight and a half minutes 
after ventilation was begun the thrill was first detected on the pulmonary pulse 
record when the pressure gradient across the ductus was less than 10 mm Hg. 

_ Catheters had previously been introduced into the left carotid artery and a 
small branch of the left pulmonary artery. Blood samples were now withdrawn 
simultaneously from these and from the right ventricle, which was punctured 


Percentage ©) saturation in 
70 carotid artery 82 
He 58 left pulmonary artery 65 
100 52 right ventricle 60 


Cord tied 


Flow through D.A. as fraction 
20+ sis — 33% of total pulmonary flow 23% 
4 Thrill in 
0 20 30 40 
Minutes 


Fig. 9. Mature lamb delivered by caesarian section; chest open. The mean aortic and pulmonary 
trunk pressures were recorded with condenser manometers. Positive pressure ventilation 
was begun at the arrow. The beginning of a thrill was judged by the appearance of rapid 
oscillations in the pulmonary trunk pulse pressure record. The volume of flow through the 
ductus arteriosus (D.a.) was calculated as a fraction of total pulmonary flow from measure- 


by a needle under direct observation. From the figures for percentage 
oxygen saturation of these blood samples (Fig. 9) it was calculated that 
11 min after ventilation had begun 33% of the total pulmonary blood flow 
was passing through the ductus arteriosus. Thereafter the thrill became 


progressively greater in intensity. Half an hour after ventilation had begun | 


it was still present, the pressure gradient across the ductus arteriosus had 
increased to over 25 mm Hg and 28% of the pulmonary blood flow was derived 
from the ductus arteriosus. In other lambs the simultaneous appearance of the 
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thrill and the pulmonary pulse pressure vibrations has been related to a re- 
duction in the external diameter of the ductus arteriosus, measured directly 
with callipers. 


The haemodynamic conditions which cause a murmur from the ductus arteriosus 

Artificial production of the murmur. Sincethe murmuris the only sign of blood 
flowing through the ductus arteriosus which can be detected without some 
interference with the lamb, it seemed most desirable to establish what range of 
physical variables (velocity and volume of blood flow, diameter of and pressure 
difference across the ductus arteriosus) was required for its development. 
Obviously the ductus arteriosus would have to be used for this purpose in the 
living lamb ; a model would not suffice. Though it might be desirable to try and 
keep the lamb in as natural a state as possible, any deviation from this would 
not be of great moment provided that the pressures in the aorta and pulmonary 
trunk were not grossly abnormal. The experiment would essentially be a 
physical one, involving only flow through the ductus arteriosus and the 
anatomical integrity of the pulmonary trunk. 

With these considerations in mind, the preparation shown in Fig. 1 was 
_ devised, the details of which are described under Methods. Flow through the 
_ ductus arteriosus was measured by isolating the segment of descending aorta 
which contains the junction with the ductus arteriosus, and measuring the 
amount of blood which entered this segment in unit time. The lateral pressures 
- in this segment and in the pulmonary trunk were measured with condenser 
manometers, and the presence or absence of a murmur was recorded by a 
phonocardiograph pick-up applied to the pulmonary trunk. The ductus was 
constricted to a variable extent by the device shown in Fig. 2, whose mode of 
operation has already been described. It was assumed that when the tape (of 
6 mm width) had been tightened around the ductus to such an extent that 
flow ceased, then the internal diameter of the ductus was zero. It was also 
assumed that as the internal cross-sectional area of the ductus was reduced, 
it did not deviate substantially from a circular shape. With these assumptions, 
and knowing the movement of the tape, the cross-sectional area of the ductus 
was calculated at different rates of flow. 

The practical performance of each experiment was as follows. When the 
preparation had been completed, and the aortic and pulmonary pressures and 
flow through the ductus had reached a steady level for 5-10 min, the tape was 
tightened around the ductus by a mm or less at a time and successive records 
_ taken until flow ceased. The tape was then released and the process repeated 
several times. A total of eight observations was successfully performed on 
_ three out of four lambs. 

The results were qualitatively the same in every observation; one such is 
illustrated diagrammatically in Fig. 10 in which the other variables are plotted 
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against the diameter of the ductus arteriosus. It will be seen that when the 
ductus was wide open, or as wide as it could be under the experimental con- 
ditions (for it had already constricted somewhat on its own), then there was 


1500 


1000 


500 
mm Hg 
Pressure difference 
ad mi./min 
200 
cm/sec 
750 — 
500 — 100 
250 
Area0 0-02 0-08 0-18 05 098 4-45 mm? 
Diameter 0 016 0-3 05 08 11 2-4 mm 
Ductus size 


Fig. 10. Lamb 129 days gestation, chest open, positive pressure ventilation. The pressure dif- 
ference between the two ends of the ductus arteriosus and the volume and velocity of blood 
flow through the ductus arteriosus have been plotted against its calculated internal diameter 
and cross-sectional area. In the upper part of the diagram is shown the comparative intensity 
of the murmur in the pulmonary trunk, estimated from phonocardiograph records. The Rey- 
nolds number has been calculated from the equation Re = vd/0-02, assuming that the density 
of blood = 1-0 and viscosity = 0-02, 


a large volume of blood flowing through at low velocity, the pressure gradient 
across the ductus was small, and there was no murmur. As the ductus was 
progressively constricted, the volume of flow was reduced, but its velocity and 
the pressure gradient increased, and a murmur appeared, Finally, when the 
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ductus was nearly shut, and flow was less than 10%, of the initial value, the 
murmur disappeared although the velocity of flow was still increasing. The 
intensity of the murmur as recorded in this figure is only approximate; what 
has been plotted is the mean deflexion of the phonocardiograph record during 
the cardiac cycle. No frequency analysis of the phonocardiograph records has 
been attempted and high-pass filters were used throughout. The pressure, flow 
and velocity records are also mean figures averaged over a large number of 
cardiac cycles. It is clear from Fig. 10 that the intensity of the murmur is not 
directly related to flow, velocity or pressure gradient across the ductus arterio- 
sus. It seemed likely that the murmur was due to turbulence within the pul- 
monary trunk. The conditions which determine the onset of turbulence in 
homogeneous fluids flowing in a pipe are defined by 
neat 

where Re is the Reynolds number for that fluid, v is the mean linear velocity of 
flow, p the density, d the diameter of tube and 7 the viscosity. If the Reynolds 
number is exceeded, turbulence may occur. We therefore plotted the fraction 
vdp/9 against the internal diameter of the ductus assuming the viscosity to be 
0-02 P; no direct measurements of viscosity have been made. As will be seen 
from Fig. 10 there was reasonably good agreement between the relative changes 
in the value of this fraction and the presence or absence of the murmur. 


Tas 1. A murmur in the pulmonary trunk just appeared between the following values of 
Re=vdp/n where v=velocity of flow and d=diameter of the ductus arteriosus; p=1-0; 
7 =0-02 P. 


735-950 730-785 
343-1780 696~701 
872-980 755-870 
980-1800 >300 


Moreover, it can be seen that the murmur was absent when vdp/y was 600 or 
755, and present when this fraction was 870 and 1360. Thus if the murmur is a 
good index of turbulence, and if the conditions determining turbulence in a 
pipe also apply to blood flowing through the ductus arteriosus, then the Rey- 
nolds number for blood in this experiment should lie between 755 and 870. 
The lower and upper limits of the Reynolds number calculated in eight 
experiments are given in Table 1. These observations suggest that, if the 
assumptions detailed above are correct, the Reynolds number for blood under 
these particular conditions should lie between 700 and 1000, a figure which 
might not be unreasonable. 

If we now scrutinize the experimental observations more closely, a number 
of interesting points emerges. The estimated internal cross-sectional area of the 
ductus arteriosus when fully opened varied between a little less than 5 and 
18 mm?, corresponding to internal diameters of 2-4 and 4-8 mm. The external 
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diameter of the vessel usually ranges between 8 and 11 mm in mature lambs 
of this size (2-3-3-2 kg), so although our estimates of the internal diameter 
may have been a little on the low side, there can be no doubt that the wall 
_ thickness is very considerable. When the ductus was fully open the pressure 

gradient between aorta and pulmonary artery varied between 1 and 5 mm Hg, 
with mean flows of up to 170 ml./min. When the ductus was reduced in internal 
cross-sectional area to less than 0-1 mm?, with a diameter of only about 0-3 mm 
(Fig. 10), the pressure gradient rose to 25 or more mm Hg, and the flow was 
still nearly 40 ml./min. Thus, although the internal diameter of the ductus 
arteriosus under these conditions would barely admit the head of a pin, and 
certainly not an anatomical probe, yet because the vessel is so short and because 
there is such a large pressure gradient across it, substantial quantities of blood 
may yet pass through. Also, when the internal diameter of the ductus is be- 
tween 0-2 and 1-0 mm (Fig. 10) very small changes in its calibre, which would 
~ not be detectable externally, lead to a very large alteration i in the volume of 
blood passing through. 

The murmur never appeared in any experiment until the internal diameter 
of the ductus was very greatly reduced. This point is illustrated in an experi- 
ment in which the initial diameter was between 4-8 and 3-5 mm (on measure- 
ment after successive occlusions); it had to be reduced to less than 0-3 mm 
before a murmur was audible. Yet this corresponded to an increase of aortic- 
pulmonary pressure gradient of less than 10 mm Hg. It is also of considerable 
interest to record the approximate volume flow at which a murmur was no 
longer to be heard; this varied in different experiments from more than 
40 ml./min to less than 25 ml./min. It should be remembered that the pick-up 
of the phonocardiograph was applied directly to the pulmonary trunk, so that 
it is certain that if a stethoscope bell were applied to the chest wall, the 
murmur would have become inaudible when the flow was considerably greater. 


Variations in the murmur with respiration, blood pressure 
and the cardiac cycle | 

We also had a number of opportunities to see the effect of changes in the 
lesser and greater circulations on the murmur. For instance in some lambs 
it was obvious that the murmur had a respiratory variation; it disappeared at 
the height of inflation. It has been observed that in these newborn lambs over- 
inflation with positive pressure ventilation increases the pulmonary vascular 
Tesistance, so this phenomenon could readily be explained by the consequent 
reduction in the velocity of blood flow through the ductus arteriosus. Con- 
versely, an increase in blood volume or systemic arterial resistance, other 
things being equal, tended to cause the development of a murmur. As the 
condition of the lambs deteriorated and their arterial blood pressure fell 
towards the end of an experiment, it was observed that the murmur was more 
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difficult to produce; the range of ductus diameters over which it was audible 
was reduced, until eventually it disappeared altogether. Infusion of maternal 
blood or dextran caused the murmur to reappear, or extended the range of 
ductus diameters over which it was audible. Similarly, when the murmur had 
disappeared it could be made to reappear by occluding the blood supply to 
the lower part of the lamb (via the left umbilical artery, Fig. 1), and thus 
increasing the systemic arterial resistance. Both increasing the blood volume 
and raising the systemic arterial resistance cause a rise in aortic pressure, and 
consequently increase the velocity of flow through the ductus arteriosus. On 
several occasions when a newborn lamb with a murmur was anaesthetized by 
the intravenous injection of pentobarbitone it was noticed that the murmur 
partly or completely disappeared for a short while. This would be consistent 
with a fall of systemic blood pressure. 

We are also in a position to reconsider the peculiar cualiite of the murmur 
from a patent ductus arteriosus. Though it is a continuous rushing murmur, 
there is no doubt that it varies very greatly in intensity during the cardiac cycle. 
The same is true of the thrill, as judged by the rapid vibrations in the pulmonary 
trunk. Both the murmur and thrill are reduced in size early in systole and some- 
times also in diastole (Figs. 3, 4and 7). There are various possible explanations of 
this phenomenon. During systole blood enters the pulmonary trunk both from 
the right ventricle and from the ductus arteriosus; during diastole it enters 
only from the ductus arteriosus. One might reasonably expect, therefore, that 
' the pressure difference between the two ends of the ductus, and hence the rate 
of blood flow through it, would be greater during diastole. Many simultaneous 
pressure records from the aorta and pulmonary trunk do show the expected 
change, though it is not invariably present, particularly at the end of diastole. 
There is also evidence that the abrupt decrease in pressure difference across the 
ductus arteriosus at the very beginning of systole in some lambs is due to the 
fact that the aortic pressure wave has to travel further from the left ventricle 
to reach the ductus arteriosus than does the pulmonary pressure wave from 
the right ventricle. Thus Fig. 11 shows that when the ductus is open, the 
pressure pulse in the pulmonary trunk slightly precedes that in the aorta (at 
the other end of the ductus). When the ductus is occluded the time difference 
between the two leading edges of the pulse waves is increased, and the 
aortic pulse wave is now altered in shape, and rises less steeply. The abrupt 
change in appearance on occlusion of the ductus arteriosus is readily displayed 
_by synchronizing the pulmonary pulse with the oscilloscope time base, and 
using a fast sweep speed. The pulmonary pulse wave reaches the ductus 
arteriosus earlier than does the aortic pulse wave; it is transmitted through 
the vessel and so reduces the pressure difference across it, and the velocity of 
blood flow through it, early in systole. 

—_ these seem the most likely explanations for the variation in the size 
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of the vibrations, there are complicating factors, such as possible changes in the 
internal diameter of the ductus arteriosus with pressure. There is no doubt 
that the vessel appears to pulsate with each heart beat, but it would be 
hazardous to guess whether the internal diameter varies significantly. If the 
internal diameter does increase, the critical velocity needed to cause turbulence 
will be reduced. Thus if the other variables remained constant the rise of pres- 
sure in the ductus arteriosus during systole would conduce to the development 
of turbulence. The fact that the murmur is reduced in Size early in systole sug- 
gests that variation in internal diameter with pulse pressure is slight. 


mm Hg Aorta Pulmonary mm Hg 


1 


Fig. 11. Mature lamb, delivered by caesarian section; 1 hr after beginning positive pressure ven- 
tilation. Pressures recorded by condenser manometers from needles in the descending aorta 
(above) and pulmonary trunk (below) at their junctions with the ductus arteriosus; time 


_ marks in # sec. The pulmonary pulse wave precedes the aortic; the difference between them — 


is increased by occluding the ductus arteriosus. 


DISCUSSION 

The observations recorded above show that in the lamb some 5-15 min after 
delivery a murmur appears over the left side of the chest which has all the 
characteristics associated with flow through a constricted ductus arteriosus 
from aorta to pulmonary artery. In the succeeding paper other evidence is 
presented to confirm this conclusion, and its physiological implications are 
analysed and discussed. For the moment it will suffice to consider the physical 
conditions which determine the appearance of the vibrations in the pulmonary 
trunk, which are detected as a murmur or thrill. | 

Turbulent flow in a closed pipe may occur when the mean velocity exceeds 


- acritical value determined by the physical characteristics of the fluid and the 


internal diameter of the pipe. The geometry of the fluid system is also known 
to be of importance, and it was therefore by no means inconceivable that 
turbulent flow should result in the pulmonary trunk from one or both of two 
causes. First, turbulence might occur because the ductus arteriosus constricts 
and thus velocity of flow through it increases and exceeds the critical value; 
and secondly, it might occur because during systole two blood streams meet in 
the pulmonary trunk, moving in opposite directions at high velocity. If the 
latter explanation is the only correct one, turbulence would be expected to be 
greatest during systole, since during diastole no blood enters the pulmonary 
trunk from the right ventricle. The diminution in intensity of the murmur 
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early in systole is therefore against this hypothesis. The experiments in which — 
the ductus arteriosus was progressively constricted, although rather crude, 
also lend support to the view that it is the increase in velocity of flow through 
the vessel which is the principal factor involved. There was good agreement 
between the conditions which might, on theoretical grounds, be expected to 
cause turbulence and those in which a murmur was detected. The values for 
the Reynolds number calculated in these experiments should not be regarded 
as absolute, since we have arbitrarily assumed that the density of blood was 
1-0 and viscosity 0-02 P, These assumptions do not, however, invalidate the 
general conclusion that the variation in intensity of the murmur with pro- 
gressive constriction of the ductus arteriosus is not related to diameter or 
velocity alone, but can be related to their product, as in Fig. 10. 

So far as variations in the intensity of the murmur during the cardiac cycle 
are concerned, we are on more dubious ground. We have considered the variables 
which are likely to cause changes in the velocity of flow, such as the closure of 
the pulmonary valves during diastole, and the fact that in some lambs at 
least there is clear evidence that the pulmonary pulse pressure wave reaches the 
ductus arteriosus before the aortic pulse wave. We have also taken into account 
the possibility that the internal diameter of the vessel may vary with pressure. 
But when all these have been considered there are still factors of unknown 
importance, such as the geometry of the fluid system, and the influence of the 
elasticity of the vessels and of pulsating flow on the origin of turbulence. 
Moreover, although the membranes of our manometers had a high natural 
frequency, it would be unwise to ignore the possibility that their characteristics 
may not be ideal or that the introduction of needles into the system may > 
cause artifacts. A thorough analysis of the variations in intensity of the vibra- 
tions during the cardiac cycle is likely to be an investigation of considerable 
difficulty. 

The other point of importance which emerges from these experiments is the 
large quantity of blood which can pass through a very small ductus. Thus in 
one experiment in which it was estimated that the internal diameter was 
0-5 mm, a mean pressure difference of 18 mm Hg drove more than 100 ml. of 
blood per min through the vessel. 

Barcroft (1946) stated that when the ductus arteriosus in a lamb is reduced 
from its normal internal diameter of 4 mm (cross-sectional area 12~13 mm?) to 
0-5 mm (cross-sectional area 0-2 mm?) it ‘would be, as a first approximation, 
shut, because the cross-section of the lumen is only one-sixtieth of its former 
self and its value for carrying blood is correspondingly reduced’. However, the 
distinction which he drew between the outlook of the anatomist, for whom the 
ductus is open if even a bristle may be passed through, and the physiologist 
who would regard it then as virtually closed, cannot be entertained because 
the volume of blood flow through the vessel also depends on the pressure 


og 
» 
x 
7 
% 
q 
7 
f 
Roe 
— 


360 G. S. DAWES, JOAN OC. MOTT AND J. G. WIDDICOMBE 


difference across it. It is therefore very difficult to draw any conclusions 
about the ee closure of the ductus arteriosus from post-mortem 
material. . 
SUMMARY 

1. Some minutes after delivery of a newborn lamb a cardiac murmur 
becomes audible over the left side of the chest. This murmur is caused by blood 
flowing at high velocity through a constricted ductus arteriosus from aorta to 
pulmonary trunk. 

2. The murmur is sometimes accompanied by a thrill, felt on palpating the 
pulmonary trunk, and associated with very rapid oscillations of pressure in the 
pulmonary pulse. 


3. The physical conditions which determine the appearance of the murmur 


and thrill, and variations in their intensity, are described and discussed. 
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THE PATENCY OF THE DUCTUS ARTERIOSUS IN NEWBORN 
LAMBS AND ITS PHYSIOLOGICAL CONSEQUENCES 


By G. 8. DAWES, JOAN C. MOTT anv J. G. WIDDICOMBE 
From the Nuffield Institute for Medical Research, University of Oxford 


(Recewed 24 November 1954) 


In the preceding paper (Dawes, Mott & Widdicombe, 1955) an account has 
been given of the cardiac murmur in the newborn lamb, which is caused by 
blood flowing from the aorta to the pulmonary trunk through the ductus 
arteriosus. It seemed desirable to confirm, with other methods, the deduction 
that the ductus arteriosus continued to be patent for many hours after birth, 
and to obtain some idea of what fraction of the total pulmonary blood flow was _ 
passing through the vessel. We have therefore carried out cineangiographic 
investigations on newborn lambs, and correlated these with the murmur and 
the effect of occlusion of the ductus arteriosus after anaesthesia and thora- 
cotomy. The observation that the continued patency of the ductus arteriosus 
permits a considerable increase in pulmonary blood flow suggested that this 
might be of physiological importance during the early neonatal period, when 
the lungs are not functioning efficiently. We have therefore also examined the 
effect of occlusion of the ductus arteriosus upon the oxygen saturation of the 
arterial blood. A short account of these observations has been published 
(Dawes, Milne, Mott & Widdicombe, 1953). 


METHODS 


The sheep and the methods used were the same as those of the preceding paper (Dawes eé al. 19552) 
with the following additions. 
Catheters for the injection of radio-opaque contrast medium (Thorotrast, Heyden Chemical 
Company, U.S.A.) in spontaneously breathing lambs were inserted into a carotid artery or jugular 
vein under local anaesthesia. The catheter in the carotid artery was passed down until it lay at the 
junction of the aortic arch and brachio-cephalic artery, and was also used for the withdrawal of 
arterial blood samples. Most of these were analysed for oxygen content only, using the micro- 


method of Roughton & Scholander (1943). A few samples were analysed for oxygen and carbon 


dioxide content by Dr G. V. R. Born with a modification of the Barcroft-Haldane method. 
Blood flow through the left pulmonary artery was measured with a density flowmeter (Dawes, 
Mott & Vane, 1953) using the preparation described previously (Dawes, Mott, Widdicombe & 


Wyatt, 1953). 
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Perfusion of isolated lungs. Mature lambs were delivered by caesarian section, heparinized, and 
"bled. The lungs were ventilated with air by positive pressure and were perfused with blood 
withdrawn either from the lamb or from the ewe. The blood was driven by a pulsating pressure, 
provided by a modified Dale-Schuster pump and recorded by a mercury manometer, through a 
cannula tied into the pulmonary trunk. The ductus arteriosus and great veins were tied. The blood 
was returned from the left atrium to a heated reservoir, and the rate of flow measured with an out- 
flow recorder (Gaddum, 1929). The height of blood in the reservoir was recorded by direct 
observation. 
RESULTS 

Cineangiographic observations 
Lambs were delivered by caesarian section under local anaesthesia, the umbili- 
cal cords were tied and they began to breathe. The first few experiments 
showed that, a few minutes later, when 4-10 ml. of Thorotrast was injected 
into the aortic arch, it appeared in the lungs at the same time as in the de- 
scending aorta; thus the ductus arteriosus must have been open for the passage 
of radio-opaque contrast medium and blood (Fig. 1).. 

Observations of this type were made on thirteen lambs delivered under local 
anaesthesia. Unfortunately Thorotrast is not rapidly excreted, and so after 
a few injections the whole cardiovascular system becomes progressively radio- 
- opaque. Since we were thus limited to only a few trials in each lamb, the times 
at which these should be made were to some extent guided by the presence or 
absence of a murmur, bearing in mind the general object of covering in this way 
the first hours of independent life. The results of these observations are shown 
diagrammatically in Fig. 2, in which the appearance of Thorotrast in the lungs 
is indicated by a closed rectangle; when it failed to appear in the lungs (either 
because the ductus arteriosus was shut or because insufficient passed through 
to give a detectable shadow) this is recorded as an open rectangle. There can be 
no doubt that the ductus arteriosus is normally open for a number of hours 
after delivery, as judged by this evidence. 

The ductus arteriosus itself cannot be seen by cineangiography in newborn 
lambs, and it is impossible to give anything more than a qualitative impres- 
sion of the relative volume of blood flow through the ductus at different times 
after delivery. The density and persistence of the shadow in the pulmonary 
tree, which appears after an injection of contrast medium into the aortic arch, 
is dependent (among other factors) not only on the rate at which blood flows 
through the ductus arteriosus, but also on the output of the right ventricle, and 
we have no indication that this remained constant from one injection to the 
next. With this reservation, we formed the opinion that the volume of blood 
flowing through the ductus arteriosus decreased over the first few hours. 

It is also important to consider the effect of the injection upon the circula- 
tion, in arriving at any conclusion from these observations. We usually used 
6-8 ml. of Thorotrast, and it was necessary to inject this as rapidly as possible 
in order to get reasonably good contrast. The rapid injection of this volume of 
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fluid into the aorta of a lamb of 3-4 kg is likely to cause a considerable rise of 
systemic arterial pressure, 5-10 ml. of 0-9% (w/v) NaCl solution (saline) was 
injected into four lambs by precisely the same technique as that used during 
cineangiography, while the pressures in the descending aorta and pulmonarv 


_ Fig. 1. Lamb delivered by caesarian section under local anaesthesia breathing spontaneously. 


Thorotrast was injected through a catheter passed down the left carotid artery, and cineangio- 
grams were taken at 25 frames/sec. In Al, 8 min after delivery, the contrast medium had 
just reached the arch of the aorta; in A2, a fraction of a second later, it appeared simul- 
taneously in the descending aorta and pulmonary vessels. 20 min after delivery the injection 
was repeated; B1 and B2 show the contrast medium at similar points in the circulation, and 
it is clear that the ductus arteriosus is still patent. 


trunk were recorded with condenser manometers from needles plunged through 
the vessel wall close to the entry of the ductus arteriosus. Fig. 3 shows a typical 
tecord, from which it can be seen that the pressure rise in the aorta is 
substantially greater than that in the pulmonary trunk on injection of 5 ml. 
of saline. One would therefore expect that the injection would exaggerate the 
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volume flow through the ductus arteriosus, and make it more easy to detect by 
cineangiography. Fig. 3 also shows the effect of intravenous injection of the 
same quantity of saline. There was little or no change in diastolic pressures, 4 
a substantial rise in pulmonary arterial systolic pressure for three heart beats — 

Lamb no. Murmur 


Absent 
340 
ii Thorotrast fn lungs J 1 
317 in Effect of occlusion of @ 
me ductus on femoral Rose Unchanged 9 
i 
1A 
3168 
3268 
= 2 | 
318 Th \ * 
3258 7 4 
346A 
356 
A 
325A 
357 
| | | | | | | L | | j 
0 2 4 6 8 10 
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Fig. 2. Diagram of observations on mature lambs (at least 130 days gestation) delivered by 
caesarian section under local anaesthesia, When filled in the horizontal bars indicate the | 
presence of a murmur, its absence when left blank. When filled in the vertical columns indicate } 
the presence of Thorotrast in the lungs after intra-aortic injection, its absence when left blank. 
The closed circles indicate that, on occlusion of the ductus arteriosus, the femoral arterial 
pressure rose; when it was unchanged the circles are left open. At A general anaesthesia was 
begun and the chest opened. Lambs 317, 340 and 358 were used, after anaesthesia, for other 
purposes and the ductus arteriosus was not occluded. 


and a smaller but more prolonged increase in aortic systolic pressure. An 
intravenous injection would therefore be expected to cause a decrease in flow 
from aorta to pulmonary trunk through the ductus arteriosus, at the moment 
of injection and immediately afterwards. 
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Four lambs, not included in Fig. 2, did not breathe either immediately on 
delivery, or merely gasped spasmodically, and so failed to survive. In two a 
tracheotomy was performed before the heart stopped, and they were given 
artificial positive pressure ventilation with oxygen. Spontaneous breathing 
began again after a short while, and they lived for a few hours on oxygen; their 
colour was never very good, they did not move their limbs or show other signs 


50 


Wig 


a 


Aorta mm Hg 


50 


Fig. 3. Mature lamb 20 min after beginning positive pressure ventilation; chest opened to give 
access to great vessels. Pressures recorded by condenser manometers from needles in the 
descending aorta (above) and the pulmonary trunk (below) at their junctions with the ductus 
arteriosus; signal mark, and time in 7 sec interrupted once every second. The upper records 
show the effect of rapid injection of 5 ml. warm saline into the aortic arch from a catheter 
passed down the left carotid artery. The lower records show the effect of 5 ml. saline 
injected into the right external jugular vein. 


of consciousness. At post-mortem the lungs were very little aerated. Cineangio- 
grams after injection of Thorotrast into the aorta showed a considerable shadow 
+ inthe pulmonary vessels at the same time as the contrast medium appeared in 
the descending aorta; the ductus arteriosus was therefore open. In both these 
lambs a murmur was heard over the ductus arteriosus; in one it was very loud 
and persistent for 2-3 hr. The presence of this murmur suggests that the vessel, 
though patent, was constricted, and these observations are recorded to show 
that it may be possible for the normal mechanism of closure to operate even in 
a lamb which is unable to survive for more than a short while. 
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Other indications of the continued patency of the ductus arteriosus 

As indicated in Fig. 2, most of the lambs on which cineangiographic observa- 
tions had been made were later given a general anaesthetic, and their chests 
were opened. Without exception the ductus arteriosus appeared much 
constricted, varying in external diameter from 4-5 to 7-5 mm; the external 
diameter in a mature foetal lamb is usually 9-11 mm. However, when a loop 
of thread was passed round the ductus arteriosus and pulled tight, the femoral 
arterial pressure rose in all but two lambs (325A and B), indicating that the 
- ductus was not yet shut. In five lambs we recorded both pulmonary and 
femoral arterial pressures; the changes on temporary occlusion of the ductus 
arteriosus are shown in Table 1. A murmur was also heard from the pulmonary 


Taste 1. Changes of pressure on occlusion of the ductus arteriosus in newborn lambs 
Time after delivery — artery — trunk 


Lamb no. (br) m Hg g 
71 a _, 
65 71 59 50 
y 74 48 30 
51 27 
325B 7 3 a1 No change iB No change 
7 58 57 28 26 


trunk in all save lambs 325A and B; in lamb 326B there was even a palpable 
thrill. In lamb 316A the conclusion that the ductus arteriosus was still open 
was re-inforced by the change in oxygen content of the pulmonary arterial 
blood on temporary occlusion; comparison with the oxygen content of the 
carotid arterial blood showed that about 59°% of the total pulmonary blood 
flow was derived from the ductus arteriosus 3} hr from delivery. 

We may now consider the degree of correlation between the various types of 
data summarized in Fig. 2. Lambs 317, 358, 326B, 346A, 357 and 3164 call 
for no comment. The cineangiograms, murmurs and other observations all 
show that the ductus arteriosus was continually open. In lambs 340, 319, 316B 
and 356 a murmur was present when there was no evidence from cineangio- 
graphy of flow through the ductus; conversely, in lamb 326A cineangiography 
showed the ductus was open when no murmur was audible, though a murmur 
was heard 1 hr later. Both types of observation are qualitative in nature, and 
cannot be relied on to give positive evidence when flow through the ductus 
arteriosus is small. : 

In some lambs (326A, 318, 325A, 356) the murmur disappeared and re- 
appeared again without apparent cause. This does not mean that flow through 
the ductus arteriosus had ceased (Dawes et al. 1955a), and in any event a 
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murmur in the pulmonary trunk will not necessarily be audible through the 
chest wall. | 

In lambs 325A and B there was strong evidence that the ductus arteriosus 
was shut, when the chest was opened and a loop of thread had been passed 
around the vessel. But the murmur had persisted after administration of the 
anaesthetic and opening the chest, and we must therefore consider the 
possibihty that it was manipulation of the ductus arteriosus which finally 
caused closure. 

We conclude that the ductus arteriosus is normally open for a number of 
hours after delivery; we were not convinced that complete closure occurred 
spontaneously in any of these lambs during the period of observation. 


The ductus arteriosus in lambs born spontaneously — 

In six lambs born spontaneously a characteristic murmur was heard over the 
ductus arteriosus from within half an hour of delivery, persisting certainly up 
to 8 hr thereafter. 

Seven older lambs were also examined. Of these, one which was 2 days old 
had a very loud murmur; this lamb was given a general anaesthetic and when 
its chest was opened, a thrill was felt over its pulmonary trunk. Simultaneous 
blood samples from the carotid artery, left pulmonary artery and right ven- 
tricle were analysed for their oxygen contents, whence it was calculated that 


_ 49% of the pulmonary blood flow was coming through the ductus arteriosus; 


the pressures at this time were aorta 75/55, pulmonary trunk 27/20 mm Hg. 
One other 2-day-old lamb, in which no murmur was detected, showed a rise 
of femoral arterial pressure and a small fall of pulmonary arterial pressure on 
occlusion of the ductus; it seems reasonable to suppose that in this lamb the 
ductus was still just open, but that the velocity of flow through it was in- 
sufficient to cause detectable turbulence. The other five lambs had no murmur 
and showed no significant change in pressure on occlusion of the ductus. On 
the other hand, even in those which were 8 days old there was no sign of _ 
fibrosis or clot in the ductus arteriosus, examined post-mortem. 


Changes in the arterial oxygen content after birth 

The evidence presented above showed that in lambs the ductus arteriosus 
did not close completely immediately after birth, but permitted blood to flow 
from the systemic circulation to the lungs. It then seemed desirable to investi- 
gate the normal changes in arterial oxygen saturation after birth, with the 
expectation that the lungs would not be particularly efficient during the first 
few hours of independent existence, because they are not yet fully expanded. 
This expectation was fulfilled. Observations were made on thirteen lambs 
breathing spontaneously, from which carotid arterial blood samples were with- 
drawn at intervals, under local anaesthesia (Fig. 4). In the majority the arterial 
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oxygen content rose rather slowly, though there was considerable individual 
variation. In the second hour after birth only one-third of the values recorded 
exceeded 75°% saturation, whereas in anaesthetized lambs in which the lungs 
were artificially ventilated with air (most of them for less'than 1 hr) the average 
saturation was 85°. This difference may be due either to the greater oxygen 


° 


0 1 3 5 6 
Hours 
Fig. 4. Observations on the carotid arterial oxygen saturations of thirteen lambs, delivered by 
caesarian section under local anaesthesia, before and after the cord was tied and spontaneous 
breathing was allowed to begin (at zero time). The time scale has been doubled during the 


consumption of the unanaesthetized lamb, or to the undoubted fact that 
considerable force is required to expand fully the lungs of a newborn lamb 
(Dawes, Mott, Widdicombe & Wyatt, 1953), a force of which the lamb itself 
may not at once: be capable. 

Moreover, though ventilation with 100% oxygen does raise the arterial 
oxygen saturation, it does not raise it as much as might be expected. Thus of 
five lambs which were artificially ventilated with 100% oxygen throughout, 
the saturation rose to 100% or more in only three, and that only after a period 
of 10 min or more. In the other two the saturation rose to 94% after 34 min 
and 95% after 21 min ventilation respectively. Taking into account the dis- 
solved oxygen in the blood, which should raise the measured saturation to well 
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over 100%, these observations are consistent with the view that for some time 
after birth a substantial proportion of the alveoli are not adequately aerated. 

In four lambs the rate of oxygen consumption was measured by using a 
closed cireuit apparatus for artificial positive pressure ventilation, filled with 
oxygen, and recording the rate of emptying of the oxygen reservoir. As the 
oxygen content of the arterial blood rose, the rate of oxygen consumption, 
which was at first quite high, fell to'a steady level (Fig. 5) of about 4 ml. 
0,/kg/min. The initial high rate of oxygen consumption is adequately ee 
by the — volume of blood which has to be saturated. _ 


Cord tied and 
g ventilation begun 
with 100% O2 


L 
30 


Minutes 
Fig. 5. Lamb, anaesthetized, 136 days gestation, 1-9 kg. The cord was tied and positive pressure 
Ventilation with 100% oxygen was begun at zero time. The arterial % O, saturation was 
by @ spirometer. 


; The effect of occluding the ductus arteriosus 
On the systemic arterial oxygen saturation 
It is evident from the foregoing observations that physiological conditions 
in the newborn lamb are unusual. Not only is a large quantity of blood passing 
through the ductus arteriosus from the aorta to the lungs, but the lungs are 


themselves not fully aerated. Under these circumstances it seemed possible 
24 PHYSIO. CXXVIII 
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that an increased pulmonary blood flow, due to the continued patency of the 
ductus arteriosus, might be of benefit to the animal. 

Lambs were therefore delivered by caesarian section under general anaes- 
thesia, the chest was opened and positive pressure ventilation begun. Within 
a short while it became clear that a substantial quantity of blood was flowing 
through the ductus arteriosus from the descending aorta into the pulmonary 
trunk. Previous experience (Dawes, Mott, Widdicombe & Wyatt, 1953) had 
suggested that this might range between one-quarter and two-thirds of the 
total pulmonary blood flow, an impression which was confirmed by observa- 
tions on the oxygen content of samples of carotid, left pulmonary arterial and 


TaBiE 2. Flow from aorta to pulmonary artery through the ductus arteriosus as indicated 
by the oxygen saturation of simultaneous samples from mature lambs 
Deduced % 


of total Mean pressure 
2 satura in 


whi between aorta 
Lamb Minutes after Carotid Left pulmonary Right comes from and pulmonary 


no. ventilation . artery artery ventricle aorta trunk (mm Hg) 
349 11 70 58 52 - $3 12 
82 65 60 23 25 
46 69 60 48 57 
55 77 59 39 53 21 
332 38 100 92 87 38 19 
49 98 91 86 42 ll 
59 100 87 78 41 9 
429A 42 — 89 68 43 54 15 


right ventricular blood, withdrawn simultaneously (Table 2). When this con- 
dition was established, one to three samples of carotid arterial blood were with- 
drawn at intervals of about 2 min. The ductus arteriosus was then occluded for 
1-13 min, and further samples of arterial blood were withdrawn during and 
after occlusion. Fig. 6 illustrates a typical experiment. It will be seen that 


occlusion of the ductus arteriosus (D.O.) reduced the blood flow through the 


left pulmonary artery by a half or more, and that the percentage oxygen 
saturation of the carotid arterial blood fell on the first occlusion (D.O. 1) from 
81-5 (mean of readings before and afterwards) to 62 and on the second occlu- 
sion (D.Q. 2) from 85-5 to 70. 

In Fig. 7 are shown the results of twenty such observations on fifteen lambs 
within 9-78 min of delivery. Observations on three additional lambs within 
34-6 hr of delivery have also been included; until half an hour before the 
measurements were made these three lambs were not under general anaesthesia 
and were breathing spontaneously. The reduction in arterial oxygen saturation 
on occlusion of the ductus arteriosus is on the whole greater when the initial 
oxygen saturation is less. There is no evidence that administration of oxygen, 
rather than air, reduces the fall in arterial oxygen saturation on occlusion of 
the ductus arteriosus except in so far as it raises the initial oxygen saturation. 


4 
$3 
4 
ag 
4 
‘ 
4 


h- 
or 
id 
at 
he 
en 
m 


bs 
in 
he 
on 
jal 
en, 


of 


on. 


THE PATENT DUCTUS ARTERIOSUS 371 


The phenomenon has also been seen in one of the three lambs which were 
several hours old, and which had breathed spontaneously, though since the 
oxygen saturation of the blood was greater, the effect was less. 


Femoral 
arterial pressure 


L. pulmonary 
arterial pressure 
L. atrial 
pressure 


L. pulmonary 
arterial flow 


Carotid O, 
‘Saturation 


D.O. 2 
o &¢ © 0 
Minutes after delivery 
Fig. 6. ieih seinen 136 days gestation. Ventilation with air was begun 68 min after 
delivery and the umbilical cord was tied 8 min later. The records show that temporary occlu- 
sion of the ductus arteriosus (D.O.) causes a large reduction in pulmonary blood flow and a 
fall in arterial oxygen saturation. 


On the sirvubation and lungs 


The effects of occlusion of the ductus arteriosus upon the circulation are 
complex, and require detailed consideration. The most striking feature of 
abrupt closure by tightening a thread round the vessel is a steep rise of femoral 
arterial pressure (Fig. 6), due to the instantaneous increase in systemic arterial 
resistance when the pathway to the low resistance circuit through the lung is 
obstructed. Within a few seconds there follows, in many lambs, an abrupt fall 
of blood pressure and heart rate, presumably due to the conjoint action of the 
pressure receptors of the carotid artery and aortic arch. This reaction is 
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evidently an overcompensatign, for thereafter the systemic arterial pressure 
once more rises to a value not so great as that seen immediately after occlusion 
of the ductus arteriosus, but substantially greater than that before occlusion ; 
the femoral pulse pressure is also less and the heart rate may remain somewhat 
reduced. These changes are shown graphically in Fig. 6; after both occlusions 


2 


j | | J 
90 70 60 50 40 
% Q2 saturation ductus open 
Fig. 7. The % O, saturation observed when the ductus arteriosus is open (abscissa) has been 
plotted against that observed when the ductus is occluded (ordinate) for lambs ventilated 
with air © or oxygen @. If there were no change the points would fall on the continuous line 
(8 =1). The two discontinuous lines indicate the changes predicted by equation (4) for values 
of B of 1-3 and 3-0. 


the initial rise of femoral arterial pressure is seen as an isolated spike because 
of the subsequent reaction. This type of over-reaction in the newborn lamb has 
also been observed on tying the umbilical cord (and an illustration of this is to 
be seen in fig. 4 of the paper by Dawes, Mott, Widdicombe & Wyatt, 1953). 

The increase in femoral arterial pressure is naturally accompanied by an 
equivalent increase in carotid arterial pressure; consequently, in three lambs 
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in which carotid arterial flow was measured this also increased, sometimes very 
much more than would have been expected on a proportional basis. In one 
experiment, for instance, the pressure rose about 60°, but the flow increased 
fourfold. 

Occlusion of the ductus arteriosus causes a fal in both pulmonary arterial 
pressure and left atrial pressure, presumably because less blood is now entering 
the pulmonary artery. We have no direct information as to the output of the 
right ventricle at this time, though as systemic arterial pressure rises and 
carotid flow increases, it too probably increases somewhat. The fall in pulmo- 
nary arterial pressure is considerably greater than that in left atrial pressure, 
and consequently the quantity of blood flowing through the lung in unit time 
is very substantially reduced (Fig. 6). The reduction in pulmonary blood flow 
is usually greater than can be accounted for by the fall in pressure across the 
pulmonary vessels on a direct linear relationship; hence in the newborn lamb 
im vivo, pulmonary vascular resistance, defined as 


mean left pulmonary arterial —left atrial eee 
left pulmonary arterial flow 


increases as the pulmonary arterial pressure is reduced. In four isolated per- 
fused neonatal lungs, ventilated for 4-1 hr, the relationship between pressure 
and flow was approximately linear, but the regression line cut the pressure 


axis at a finite pressure, varying in different lambs from somewhat less than 10 


to nearly 20 mm Hg (Fig. 8). This is the ‘critical closing pressure’ (Burton, 
1952) of the pulmonary vessels, which is rather high. The fact that the 
regression line does not pass through the zero of both axes, but flow stops at a 
finite pressure, explains why the pulmonary vascular resistance (as defined 
above) inereases as the perfusion pressure is reduced. There may of course be 
other factors involved in the phenomenon. Although the left atrial pressure is 
reduced by closure of the ductus arteriosus, it is not reduced below the pressure 
in the inferior vena cava: the foramen ovale does not therefore open to allow 
the passage of venous blood to the left heart. The observations on which this 
conclusion is based, and the changes in the form of the left atrial pressure 
pulse wave on occlusion of the ductus arteriosus, will be described in another 
paper. 

In all these experiments the left side of the chest was open, to provide access 
to the ductus arteriosus, and the lamb was given artificial ventilation from a 
pump whose output was constant during the period of observation. The tidal 
air was calculated from the peak intratracheal pressure (which was recorded 
continuously) and the dimensions of the apparatus. In about half of all the 
numerous observations on occlusion of the ductus arteriosus it was observed 
that there was a small but definite decrease of peak intratrachea! pressure, 
amounting to as much as —1 mm Hg (about 0:5%), accompanied of course 
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by an equivalent increase of tidal air. This change of lung compliance is 
probably partly due to a decrease in the quantity of blood in the lungs when 
the ductus arteriosus is occluded. It is accompanied by a considerable fall of 
pulmonary arterial and left atrial pressures, and perfusion experiments on the 
isolated lungs of four foetal lambs (134 or more days old) showed that reduction 
in the perfusion pressure led to a simultaneous decrease of pulmonary blood 
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Fig. 8. Isolated ventilated perfused lungs from two lambs, 138 days gestation, 3-9 kg; 134 days 
gestation 3-0 kg. To show the approximately linear relationship between pressure and flow, 
and that the regression line intercepts the x axis at a positive (‘critical closing’) pressure. 


volume (as shown by an increase in the quantity of blood in the perfusion 
reservoir) and a small increase of tidal air (Fig. 9). The change of pulmonary 
blood volume was about 10-20 ml. for a change of pressure of 30-40 mm Hg. 


The cause of the change in arterial oxygen content on occlusion of 
_. the ductus arteriosus 


Any hypothesis to account for the fall in carotid arterial oxygen saturation 
which is observed on occlusion of the ductus arteriosus will have to take into 
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account the fact that this is accompanied by a reduction in pulmonary blood 
flow and possibly also of pulmonary blood volume, while the tidal air is some- 
what increased. The change in compliance of the lungs is in the opposite 
direction to that which would be expected to lead to a decrease in the rate of 
gas transfer across the lungs. The two cardiovascular changes must therefore 
be considered in further detail. The fall in pulmonary blood volume, though 


o 
mm Hg 


mm Hg 


Wol. in reservoir, mi. 
30 sec 


Fig. 9. Isolated ventilated perfused neonatal lungs. Records from above downwards of blood 
flow, peak tracheal positive inflation pressure, pulmonary arterial perfusion pressure, volume 
of blood in the perfusion reservoir, and time in 30 sec intervals. As the perfusion pressure 
is lowered blood leaves the lungs and peak tracheal pressure decreases, which, since the 
stroke volume of the pump was constant, shows that tidal air was increased. 


probably comparatively small, offers a possible explanation for the pheno- 
menon, since less blood would be present in the lungs at any given time, and 
therefore a smaller surface area might be available in the alveolar capillaries . 
for gas exchange. There are, however, some steps in this argument which are 
untested. Thus, although the total volume of blood in the lungs may be re- 
duced by lowering pulmonary arterial pressure, it does not necessarily follow 
that the surface area of blood offered by the alveolar capillaries is reduced in 
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proportion, nor does it follow that the diffusion capacity of the lungs is thereby 
decreased. The decrease of pulmonary blood flow, which is often rey con- 
siderable, is the basis of a more acceptable solution. 

It is easier to visualize the situation if we start by considering oxygen up- 
take when the ductus arteriosus is occluded. It is evident that in the newborn 
lamb there are a number of alveoli which are still collapsed, or which are not 
yet fully expanded. This may be inferred from the observation that the 
arterial blood is not fully saturated with oxygen, and that its saturation is 

increased by administration of 100% O,. Now, provided those alveoli which 


Ductus 
arteriosus 


BODY 


one of which blood is fully oxygenated and in the other of which no oxygen is absorbed. 


are functional are not already working to their full capacity, opening the ductus 
arteriosus will permit a portion of the arterial blood to pass through the 
functional part of the lung and to take up more oxygen; the arterial saturation 
will then rise until a new equilibrium is attained. The new arterial saturation 
may be calculated in the following manner. Let us assume that some alveoli 
function ideally, so that blood passing through their capillaries at a rate of 
Q, vol. per unit time becomes 100% saturated with oxygen; the remaining 
alveoli, through which blood passes at Q, vol. per unit time, are not func- 
tional and no oxygen is absorbed from them. We shall assume that the ratio 
Q2:Q,=« and is constant. Let the oxygen saturation of systemic venous 
blood be v, and of carotid arterial blood be C, (Fig. 10), then so long as the 
ductus is closed we have, equating the flow of oxygen across the lungs: 


C, (V4 = 1000, +, Qn 
or 10004 +, 


100 + av, 
l+a (1) 
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Let us suppose that when the ductus arteriosus is opened, total pulmonary 
blood flow increases by a factor 6:1. Then using the same method, C, the 
oxygen saturation of carotid extent blood when the ductus arteriosus is me 
is given by | 


where p is the oxygen saturation of mixed pulmonary arterial blood. And if 
the oxygen consumption of the lamb is unaltered then 
(100-0) Q4=(100-—p) 


i=: 


Eliminating p and v, from (1), (2) and (3) we find that « also disappears and we. 
are left with 


(4) 
or C,—C,=(100—C,) (B-1). 
This equation predicts a greater fall in carotid arterial oxygen saturation on 
occluding the ductus at-lower initial saturations, and also at higher values of £. 
These changes are independent of any alteration in right cardiac output. 
Other experiments in which pulmonary blood flow was measured directly, or 
in which the proportion of blood flowing through the ductus arteriosus was 
estimated indirectly, suggested that 8 should lie between 1-3 and 3-0. The 
regression lines for equation (4) using these two values of 8 have been drawn 


TABLE 3. Comparison of observed fall in % O, saturation on occluding the ductus arteriosus 
with that predicted by application of equation (4) 

Ratio of left pul- 

arterial 


monary Carotid % O, saturation 
Time from blood flows oe A. 
2 beginning before: during ore During During 
Lamb ventilation ductus occlusion occlusion occlusion occlusion 
no, (min) — (B) observed observed predicted 
303 B 19 2-3 89 65 75 
304 24 2-0 45 37 —10 
2-0 76 55 52 
307A 27 1-7 79 Ee 64 
38 . 1-85 8+ 63 70 
308 A 11 1-7 80 62 66 
19 24 82 69 57 


as interrupted lines on Fig. 7, and it will be seen that most of the observations 
fall within them, though there is a tendency for the alteration in carotid 
arterial oxygen saturation to be less if the initial saturation (with the ductus 
open) is lower. In four lambs left pulmonary arterial blood flow was recorded, 

B was calculated and Table 3 shows that in all but one instance there was a fair 
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measure of agreement between observation and prediction, having regard to 
the conditions of the experiment. In the one instance in which there was a 
large discrepancy, the initial 0, saturation was unusually low, 45%, and fell 
only to 37%. The value for 8, 2-0, was such that the predicted O, saturation, 
when the ductus arteriosus was occluded, was less than zero. The reason for 
this discrepancy is that when the arterial O, saturation falls too low, either 
the oxygen consumption is reduced or the pulmonary venous oxygen satura- 
tion falls; the basic assumptions on which equation (4) was calculated then no 
longer hold. It has proved possible to reproduce these conditions in adult 
dogs, in which parts of the bronchial tree were obstructed and an artificial 
ductus arteriosus reconstituted. Similar results to those obtained on lambs 
were observed and since the conditions were not altering so rapidly as in the 
lungs of a newborn lamb, a more accurate test. of the hypothesis and its limita- 
tions was possible. A fuller account these experiments will be given else- 
where. 


DISCUSSION 
The reversal of blood flow through the ductus arteriosus after delivery 


The observations recorded in this-paper lead to the conclusion that, in the 
newborn lamb shortly after birth, the direction of blood flow through the 
ductus arteriosus is reversed. It is reversed because tying the umbilical cord 
raises systemic arterial resistance, and ventilating the lungs decreases pul- 
monary arterial resistance. This conclusion is supported first, by the presence 
of a murmur, continuous throughout the cardiac cycle, audible through the 
chest wall and with its point of maximal intensity immediately over the junc- 
tion of the pulmonary trunk with the ductus arteriosus. Secondly, radio- 
opaque contrast medium injected into the arch of the aorta passes at once 
through the ductus arteriosus to appear in the lungs. This observation is not 
in itself conclusive because of the large changes in blood pressure caused by the 
rapid injection of fluid into the aorta; it is, however, supported by other 
experiments in which the contrast medium was injected intravenously (Ardran, 
Dawes, Prichard, Reynolds & Wyatt, 1952) and in which subsequent examina- 
tion showed evidence of retrograde flow (Dawes, Mott, Widdicombe & Wyatt, 
1953). Thirdly, temporary occlusion of the ductus arteriosus by a thread passed 
around it causes a fall of pulmonary arterial and of left atrial pressure, a 
reduction in pulmonary arterial flow, and a rise in aortic and in femoral arterial 
pressure, which indicates that before occlusion a substantial quantity of blood 
was passing through the ductus arteriosus. And fourthly, the oxygen content 
of left pulmonary arterial blood was found to be considerably higher than that 
of right ventricular blood. From these observations it must be concluded that 
_ for some hours after birth a large proportion, sometimes as much as half, of 
pulmonary arterial blood flow passes through the ductus arteriosus. 
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Within 10 min orso of delivery and the onset of normal breathing the ductus 
arteriosus starts to constrict. This phenomenon may be observed directly in 
lambs with open chests which are ventilated artificially; in lambs with intact 
chests, unanaesthetized and breathing naturally, it may be inferred from the 
appearance of an audible murmur over the left side of the chest, since the 
characteristic murmur cannot appear unless the ductus arteriosus is sub- 


stantially reduced in diameter. As the ductus constricts the volume of blood 


flowing through it is somewhat decreased, the aortic pressure rises and 
pulmonary arterial pressure falls, and the pressure difference between the two 
ends of the ductus arteriosus is therefore increased ; this increase will limit the 
reduction in blood flow. Eventually the internal diameter of the ductus 
arteriosus becomes very small, but because the vessel is short, and there is a 
large pressure difference between its two ends, very substantial quantities of 
blood may still pass through at high velocity. 

In the living lamb, the only other experimental evidence on this point is 
that of Barclay, Barcroft, Barron & Franklin (1939), of which a more detailed 
account was given by Barclay, Franklin & Prichard (1944), Contrast medium 
was injected via the superior vena cava, and in a number’of radiographs a 
stub was observed projecting from the pulmonary trunk at the site of the 
ductus arteriosus, which was thought to be ‘the blind end of the functionally 
closed vessel’. When the contrast medium had passed through the left heart 
to fill the aorta; there was ‘no suggestion that any of the aortic flow is passing 
back into the ductus’. The problem is to reconcile these observations with our 
own. There are three technical points of importance. First, these authors 
used for the great majority of their work direct rapid serial radiography at 
2 frames/sec with film 5 in. square. Although this gives excellent individual 
pictures there are not sufficient frames/sec to follow the whole course of events. 
Their alternative method using 16 mm film at a speed of 24 frames/sec and 
Lipiodol did not prove satisfactory because of the inferior detail. Our own ex- 
perience with 35 mm film at 25 frames/sec, with which small traces of contrast 
medium have been seen to pass rapidly through the lungs during a few frames, 
suggests that it would have been very easy to miss the phenomenon of reversal 
of blood flow through the ductus arteriosus with the cineradiographic apparatus 
which was available before the war. Secondly, it should be noted that the 


evidence adduced was negative in character, and the quantitative limitations 


of this technique have never been studied. Thus if contrast medium is visible 
in the aorta and passes through the ductus to mix with blood coming from the 
right heart, it may be diluted to an extent such that it is no longer detectable. 
The necessary degree of dilution is not known, but will be influenced by many 
factors, including the velocity of blood flow and the duration of exposure for 


' each picture. Indeed we have often encountered experiments in which 
contrast medium injected into the aorta has failed to appear in the lungs, 
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although there was a characteristic murmur present over the ductus arteriosus. 
In Fig. 2 are shown four such observations, in three of which the patency of the 
ductus arteriosus was confirmed after anaesthesia and thoracotomy. Thirdly, 
there is the effect of intravenous injection of the necessary quantities of con- 
trast medium upon the circulation. The injection has always to be made rapidly 
so that the radio-opaque solution passes so far as possible undiluted to the point 
which is to be visualized. It is evident from the observations recorded in the 
present paper that this rapid injection increases the output of the right heart 
and distorts the normal pressure relations across the ductus arteriosus just 
at the very moment when the contrast medium reaches this area. The con- 
sequent sudden rise of pressure in the pulmonary trunk may well account for 
the curious stub which was filled with contrast medium from the pulmonary 
trunk and remarked upon by Barclay et al. (1939). We therefore do not believe 
that their observations are incompatible with our own, which suggest that the 
ductus arteriosus is open for many hours after birth. 

There are also three observations in the literature which suggest that, for 
some considerable time after birth, blood flows through the ductus arteriosus 
from pulmonary trunk to aorta in normal subjects of species other than the 
sheep. Now this seems inherently improbable if conditions are the same as 
those in the lamb, in which the direction of blood flow through the ductus 
arteriosus is reversed within some minutes of birth; the explanation for the 
apparent discrepancy may lie either in the difference of species or in the experi- 
mental conditions. Everett & Johnson (1951) injected small quantities of 
radioactive phosphorus solution into the right ventricles of newborn puppies, 
and observed that it appeared in the descending aorta in an interval less than 
the pulmonary circulation time. However, the puppies were not apparently 
breathing or being artificially ventilated at the time of injection, and the 
circulatory disturbance caused by the injection, and by the insertion of a 
needle into the left pulmonary artery (thus raising pulmonary arterial re- 
sistance) must have been very considerable. At least in this species it is 
evident that the ductus arteriosus is not shut for some days after birth. 
Eldridge, Hultgren & Wigmore (1954) observed in some newborn human babies 
that the oxygen saturation of ‘arterialized’ capillary blood withdrawn from 
the hand was greater than that withdrawn from the foot, and concluded that 
there was a veno-arterial shunt ‘through the ductus arteriosus during the 
first 3 hr of life, and sometimes up to 3 days’. As all their oxygen saturations 
exceeded 90% the lungs must have been well expanded; but if their data are 
correct it must also be concluded that the pulmonary arterial pressure in the 
newborn infant exceeds that in the aorta. Alternatively, there may have been 
a systematic error in obtaining the capillary blood samples from the upper 
and lower limbs, which might be avoided if direct arterial puncture were 
practicable. The third series of observations are those of Lind & Wegelius 
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(1954), also on human babies. In a proportion of newborn children radio- 
opaque contrast medium was seen to pass from the pulmonary trunk to the 
descending aorta after an intravenous injection. The same criticism which was 


applied to the work of Barclay et al., that the effect of the injection may have 


disturbed and even temporarily reversed the pressure drop across the ductus 
arteriosus, also applies here, and some further examination of the conditions 
is required. We are therefore inclined to believe that the continued patency of 
the ductus arteriosus, though in a constricted state, which has been demon- 
strated in the sheep after birth, may yet be found to occur in other species, and 
that this will be associated with the passage of blood from the aorta to the 
lungs. Of course it is now well known that in some human patients with per- 
sistent patent ductus arteriosus blood flows from the pulmonary trunk to the 


aorta, but there is evidence that the unusually high pulmonary vascular 
resistance in such cases is associated with pathological changes in the lungs. 


What is more difficult to explain is the fact that a murmur is not regularly 
heard in babies shortly after birth, though it is also well known that even in 
children who are later found to have a persistent patent ductus arteriosus, the 
characteristic murmur is rarely heard early in childhood. 


The volume of blood flow through the constricted ductus arteriosus 

In the preceding paper (Dawes et al. 1955.4) it was shown that constriction of 
the ductus arteriosus to a very small internal diameter with a tape 6 mm wide 
still allowed large quantities of blood to flow through. Although the natural 
length of the ductus is about.1-5 cm, and though it is very unlikely to constrict 
evenly throughout that length, yet it might be suggested that the haemo- 
dynamic effect of artificial constriction of the vessel is scarcely to be com- 
pared with that which occurs naturally. There are other points which must also 
be borne in mind; as it constricts the ductus arteriosus is visibly reduced in 
length, and its angulation to both the aorta and the pulmonary trunk becomes 
less acute. In point of fact, however, the results do appear to be very similar, 
for even when the internal diameter of the ductus arteriosus, closing naturally, 
must be substantially reduced, as shown by the large difference in pressure 
across it, yet a very considerable proportion of pulmonary blood flow may pass 
through it, Some examples of this are shown in Table 1. In one extreme in- 
stance in a day-old lamb the external diameter of the ductus arteriosus was 
5-1 mm, the mean pressure difference across it was 40 mm Hg and yet more 
than one-third of the total pulmonary blood flow passed through it. 

It is clear that the continued patency of the ductus arteriosus is of greatest 
importance immediately after birth, when the arterial oxygen saturation is low. 
At this time the lungs are relatively inefficient, and since their compliance 1s 
small, the lamb must expend considerable energy on breathing. The principal 


danger is that if the arterial oxygen saturation remains too low, the blood 
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pressure may fall because of either decreased cardiac output or decreased 
peripheral resistance, and thus less blood will pass through the lungs and still 
less oxygen will be absorbed. Although the newborn lamb can survive even 
total asphyxia for short periods of time, it will not survive indefinitely, but 
die from circulatory failure. The continued patency of the ductus arteriosus 
allows more blood, coming from the aorta and raising the pulmonary arterial 
pressure, to flow through the diaarate and thus increases the ——" of oxygen 
absorbed. 

The neonatal circulation is thus well adapted to the task of ensuring survival 
under unusual circumstances. It is distinguished from the foetal circulation, 
among other things, by the absence of a placental circulation and by closure 
of the valve of the foramen ovale, which occurs within a minute or two of birth, 
(Dawes et al. 19556). On the other hand, it shares with the foetal circulation 
the characteristic that the output of the left ventricle is substantially greater 
than that of the right ventricle. Indeed, in a newborn lamb, in which half the 
total pulmonary blood flow comes through the ductus arteriosus, the output of 
the left ventricle will be double that of the right ventricle. The effects of 
physiological changes upon the circulation of the newborn animal may there- 
fore be quite unusual, and it would be unwise to attempt any prediction, based 
on experience in adult animals, without further experimental observation. 


SUMMARY 


1. In the newborn lamb the ductus arteriosus is patent for many hours 
_ after birth, as shown by the presence of a cardiac murmur, by cineangiographic 
observations, and by the effects of temporary occlusion of the ductus on the 
pressures in the great vessels. 

2. Within a few minutes of birth blood begins to flow through the ductus 
arteriosus from the aorta to the lungs. Measurements of the oxygen content 
of blood samples from the carotid artery, right ventricle, and pulmonary artery 
show that from one-quarter to two-thirds ‘of pulmonary blood flow may pass 
through the ductus arteriosus, so that the output of the left ventricle may be 
very much greater than that of the right ventricle. 

3. The lungs of the newborn lamb are inefficient, and consequently the 
arterial oxygen saturation rises only slowly after birth. 

4, Temporary occlusion of the ductus arteriosus after birth reduces very 
substantially the volume of blood flowing through the lungs and causes a fall 
in arterial oxygen saturation. This fall is comparatively greater when the initial 
oxygen saturation is low. The reasons for this phenomenon are discussed. 

5. It is suggested that the continued patency of the ductus arteriosus for 
some hours after birth serves a useful function so long as the lungs are not fully 
expanded. 
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CLOSURE OF THE FORAMEN OVALE 
IN NEWBORN LAMBS 


By G. 8. DAWES, JOAN C0, MOTT anv J. G, WIDDICOMBE 
From the Nuffield Institute for Medical Research, University of Oxford 


(Received 24 November 1954) 


The essential features of the anatomy of the foramen ovale were known in 
Harvey’s time (Barclay, Franklin & Prichard, 1944). The foramen ovale lies 
between the inferior vena cava and the left atrium; during foetal life blood 
flows from the former to the latter and the valve of the foramen ovale, which 
lies on its atrial side, is thus kept open. This anatomical arrangement led to the 
view, first expressed by Harvey’s contemporaries, that the valve of the fora- 
men ovale closes because the left atrial pressure rises as a result of increased 
pulmonary venous return when breathing begins. The theory that pulmonary 
vascular resistance decreases when the lungs are first ventilated has received 
experimental confirmation (Dawes, Mott, Widdicombe & Wyatt, 1953). 
Pulmonary blood flow increases three- to tenfold and left atrial pressure rises 
in consequence. However, the changes of pressure in the inferior vena cava also 
deserve consideration. In the mature foetal lamb about three-quarters of the 
blood flowing up the inferior vena cava comes from the placenta (Dawes, Mott 
& Widdicombe, 1954). It might, therefore, be expected that when the umbilical 
cord is tied the pressure in the inferior vena cava would fall. This change would 
also conduce to closure of the valve of the foramen ovale. 

This paper describes the changes in pressure produced in the great veins and 
the left atrium of mature lambs delivered by caesarian section, when the 
umbilical cord is tied and ventilation is begun. A preliminary account has 
been given (Dawes, Milne, Mott & Widdicombe, 1953). 


METHODS 
Thirty-four mature lambs (six Hampshire, one Dorset Horn and the remainder Welsh) were 
delivered by caesarian section from ewes anaesthetized with sodium pentobarbitone (30-40 mg/kg), 
Dial-urethane (diallylbarbituric acid 0-1 g, urethane 0-4 g/ml.: 20-30 ml./kg) or local procaine 
(2% solution). 

The general procedure adopted has been described already (Dawes, Mott, Widdicombe & Wyatt, 
1953). Some additional observations were made on eight lambs of various breeds which had been 
born spontaneously; these lambs and also four delivered under local anaesthesia were anaesthe- 
tized with sodium pentobarbitone (about 15 mg/kg) injected into a jugular vein, which had been 
exposed under local anaesthesia. 
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The chest was opened either by splitting the sternum or by removing a few ribs on the left side. 
Mean pressures in various parts of the venous system were measured by 0-9 % (w/v) NaCl solution 
(saline) manometers which were attached by rubber tubing to catheters or cannulae inserted 
at the appropriate points. The left and right atria were cannulated via the auricular appendages. 
The lateral pressures in the superior and inferior venae cayae were measured by inserting short 
catheters into the central ends of azygos and diaphragmatic veins. The thoracic inferior vena cava 
was also catheterized via a renal vein or by direct puncture. The pressure in the superior vena cava 
was measured by a catheter inserted through the right external jugular vein. The mean pressures 
were plotted by observers at quarter or half minute intervals, and are related to the level of the 
thoracic inferior vena cava. 

In a number of experiments the venous pressures were recorded by condenser manometers with 
a frequency response of 80-150 c/s (gauge head + catheter or needle). The left atrium was cannu- 
lated directly through the auricular appendage; the inferior vena cava was pierced by a large bore 
needle attached to the manometer. Arterial pressure was recorded from a femoral artery either by 
a mercury or by a condenser manometer. 

In some experiments the existence of a pressure gradient between the inferior sean siivetel the 
left atrium was demonstrated by making an external connexion between these points. The side- 
arms of the three-way taps on the condenser manometer gauge heads were connected by a piece 
of rubber tubing filled with saline; the taps were then opened so that continuity was established 
and the rise of the blood saline junction up one of the polythene cannulae was observed. 

The umbilical cord and the ductus arteriosus were temporarily occluded by passing the ends of 
a circumferential tape or thread through a short length of polythene tubing, against which the 
vessel was constricted. Artificial positive pressure ventilation was used to inflate the lungs and the 
peak intratracheal pressure was recorded by a mercury manometer. 


_ RESULTS 
The appearance of the foramen ovale in the mature lamb v.ewed from the left 
atrium is shown in Fig. 1. The valve of the foramen ovale arises antero-ventrally 
and extends postero-dorsally towards its free edge which abuts on the atrial 
septum. Behind this thin valve may be seen the ridge of the crista dividens on 
which the blood stream flowing up the foetal inferior vena cava breaks into two 
portions; about 40% of the blood passes on the right-hand side of the crista 
dividens to the right atrium and the remaining 60 % flows through the foramen 
ovale to the left atrium (Dawes et al. 1954). The valve of the foramen ovale 
therefore forms the left-hand wall of a tubular passage between the inferior 
vena cava and left atrium and not, as is sometimes supposed, between the two 
aus The venous pressures in the fretal lamb 
When the chest of a foetal lamb is opened the inferior vena cava is seen to be 
greatly distended with red blood, while the superior vena cava is much more 
blue and flaccid. The mean oxygen saturation in the thoracic inferior vena cava 
is about 65-70%, whereas that in the sunerior vena cava is only about 30%. 
From these and other measurements of percentage saturation with oxygen it 
was calculated that 4 times as much blood passes up the inferior vena cava as 
flows down the superior vena cava (Dawes et al. 1954). 
In seven lambs the mean venous pressures were measured with saline mano- 


meters. The mean pressure in the inferior vena cava was about 4 cm of saline 
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(range 1-7-7-1). The pressure in the left atrium was always less by 0-3-1-4 cm 
saline. In any individual lamb the pressure drop across the foramen ovale 
would vary from time to time by a few mm Hg. The pressure in the superior 
vena cava was lower than that in the inferior vena cava, in one experiment by 


Fig. 1 Mature foetal lamb. The left atrium has been opened from the left side to display the valve 
of the foramen ovale which forms a direct continuation of the inferior vena cava (I.V.C.). 
The valve is semi-transparent and the crista dividens can be seen through it. 


as much as 1-5-1-8 cm saline. When a catheter was passed through the right 
external jugular vein down into the superior vena cava the mean pressure 
recorded by a saline manometer suddenly rose, in a number of experiments, as 
the tip of the catheter passed the tubercle of Lower into the inferior vena cava. 

Although the mean pressure in the inferior vena cava always exceeded that 
in the left atrium it seemed likely that during atrial contraction the pressure 
in the left atrium might rise above that in the inferior vena cava and that the 
valve of the foramen ovale might then close. In order to test this hypothesis 
we took simultaneous records of the pressure pulse waves in the left atrium 
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and inferior vena cava with condenser manometers. Drift is considerable at the 
high sensitivity required for measuring these venous pressures, and records 
were therefore taken on both manometers at atmospheric pressure immediately 
before and after each measurement. The shape of the left atrial pulse wave in 
the foetal lamb is very much like that in the adult, though the rise of pressure 
due to atrial contraction often appears disproportionately large. The changes 
in pulse shape during the cardiac cycle were timed by reference to simultaneous 
records from the inferior vena cava and left ventricle (Fig. 2). The rise in 
pressure during ventricular systole, due to accumulation of blood in the 
atrium, is followed by a fall at the end of ventricular systole when the auriculo- 
ventricular valve opens and blood flows into the ventricle; shortly afterwards 


Fig. 2. Mature foetal lamb. Condenser manometer records of the pressure pulses in the inferior 
vena cava (I.V.C.), left ventricle and left atrium from above downwards. Atrial contraction 
occurs at A, ventricular contraction at v, and at z the mitral valve opens. — 


this is followed by atrial systole, as indicated by the subsequent appearance of 


_ the atrial pulse wave on the inferior vena caval pressure record. Many left 


atrial pulse records also showed rapid oscillations in pressure at the beginning 
of ventricular systole, presumably due to the movement of the base of the 
heart (Fig. 3). The pressure wave in the left atrium, which is due to atrial — 
systole, always precedes that in the inferior vena cava, and in four out of five 
lambs the pressure in the former momentarily exceeded that in the latter 
(Fig. 4). It is therefore possible that the valve of the foramen ovale may close 
abruptly during each cardiac cycle in foetal life. Moreover, this valve is 
different from the other valves of the heart in that it consists of contractile 


_ tissue; it is tethered at its open end by thin cords of tissue. If the left atrium 


of a lamb is opened widely and the blood is removed, the valve will be seen to 
contract in such a way that the free end of the tubular passage is narrowed. 


Occlusion of the umbilical cord 


The umbilical cord was occluded for up to 1 min in six lambs. The mean 
pressures recorded with saline manometers from the left atrium and inferior 
vena cava always fell and the pressure in the inferior vena cava invariably fell 
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Fig. 3. Mature foetal lamb. Condenser manometer records of the pressure pulses in the inferior 
vena cava (I.V.C.), and from the left atrium (L.A.). Time in #5 sec. The upper record was 


after tying the umbilical cord. 
10 A B 
5 \ 


Fig. 4. Same lamb as Fig. 3. The records of pressure in the inferior vena cava (continuous line) 
and in the left atrium (dotted line) have been transposed to the same ordinates. A, before 
ventilation ; B, 44 min, C, 74 min and D, 114 min after ventilation. The umbilical cord was tied 
2 min after ventilation was begun. The pressure pulse in the left atrium, which is due to atrial 
contraction, precedes that in the inferior vena cava. Within a few minutes after ventilation has 
begun the pressure in the left atrium exceeds that in the inferior vena cava — the 
cardiac cycle. 
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more than that in the left atrium (Fig. 5). Indeed, on six out of nine occasions 
the pressure in the left atrium towards the end of the period of occlusion was 
greater than that in the inferior vena cava. 

The initial response of the right atrial or superior vena caval pressure was 
also a fall, but after a quarter of a minute or less the pressure on the right side 
of the heart began to rise, probably as a result of increased venous return from 
the upper part of the body due to the large rise in systemic arterial pressure 
(Fig. 5). 


Ventilation 
80 — begins 


Cord tied 
40 
Suction D.O D.O 
1V.C. L.A 
= 
a 6k 
S.V.C. 
a | | 
0 5 10 15 20 25 


Minutes 
Fig. 5. Mature foetal lamb. Records from above downwards of the femoral arterial pressure and 
of the mean pressures recorded by saline manometers in the inferior vena cava (I.V.C.), the 
left atrium (L.A.) and the superior vena cava (S.V.C.). At C.O. the umbilical cord was 
occluded for a short period of time, and at D.O. the ductus arteriosus was occluded. Both 
occlusion of the umbilical cord and ventilation of the st contribute to the reversal of the 
pressure gradient across the foramen ovale. 


he effect of ventilation of the lungs on the venous pressures 

When the foetal venous pressures had remained steady for several minutes, 
the trachea was aspirated to remove as much amniotic fluid as possible and the 
lungs were ventilated. The immediate effect of ventilation was to increase 
slightly the pressures in the inferior vena cava and left atrium, unless the 
umbilical cord had already been tied. Right atrial pressure also rose. Con- 
tinued ventilation of the lungs reversed the pressure gradient between the 
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inferior vena cava and the left atrium. This reversal occurred within 2 min in 
four out of six lambs, and a little less rapidly in the others. At the end of 10 min 
ventilation the mean pressure gradient between the left atrium and inferior 
vena cava in six lambs was 3-2 cm saline (range 0-9-11-2). The left atrium 
became greatly distended and the pressure reached a maximum after 8-12 min 
ventilation and then tended to decline. The left atrial pressure showed large 


respiratory. fluctuations and the highest mean pressure recorded was nearly 


20 cm saline. 


The changes in mean venous pressure on ventilation of the lungs were | 


accompanied by equally dramatic changes in the venous pressure pulse curves. 
While the inferior vena caval curve showed rather less pronounced spikes due 
to atrial contraction than it had done before ventilation, the left atrial curve 
changed its shape completely (Figs. 3, 4). The most conspicuous feature of this 
change was the appearance of a large rise of pressure due to atrial filling, which 
did not appear on the inferior vena caval pulse. This rise of pressure was so 


great that the pulse wave due to atrial contraction at times almost disappeared, — 


as can be seen in Fig. 3. When the pulse tracings were reduced to the same 
ordinates, as in Fig. 4, it can be seen that the left atrial pressure rose above the 
inferior vena caval pressure throughout the whole of the cardiac cycle within 
a few minutes of beginning ventilation. When the sidearms of the two mano- 
meters were connected before ventilation was begun, blood always flowed 
from the inferior vena cava to the left atrium, but a few minutes after ventilation 
the direction of flow reversed. 


The effect of coclusion of the'imbilical cotd:and arterioeus on the venous 


pressures after ventilation 

Ligature of the umbilical cord after ventilation caused a fall in inferior vena 
caval pressure and a rise in left atrial pressure. The fall in inferior vena caval 
pressure is attributed to a reduction in venous return. It is not so great as that 
observed before ventilation, but we have other reasons for believing that 
ventilation itself leads to a progressive reduction in placental blood flow. The 
rise of left atrial pressure can be attributed to the increase in systemic arterial 
resistance which occurs when the cord is tied. This leads to a rise of femoral 
arterial pressure (Figs. 5, 7), and hence because the ductus arteriosus is still 
open, to a rise in pulmonary arterial pressure and an increase in pulmonary 
flow into the left atrium. Tying the umbilical cord therefore re-inforces still 
further the effect of ventilation in causing the left atrial pressure to exceed that 
_ in the inferior vena cava. The magnitude of this effect will be greatest when 
the placental blood flow is greatest, that is to say, before ventilation has 


A few minutes after breathing has begun the pressure in the aorta rises above 
that in the pulmonary trunk, and consequently a very large proportion of 
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pulmonary blood flow passes through the ductus arteriosus (Dawes et al. 
1954). The effect of occlusion of the ductus arteriosus is then to reduce pul- 
monary blood flow and cause a fall in left atrial pressure. The inferior vena 
caval pressure also falls, though not so much, so that the pressure gradient 
between the left atrium and the inferior vena cava is reduced; it was never 
reversed. The change in the left atrial pulse wave on occlusion of the ductus 
arteriosus is also very striking. The large rise in pressure which starts at the 
beginning of ventricular systole, and which has been attributed to rapid _— 
of the left atrium, is very greatly reduced in size (Fig. 6). 


Fem. 


LA. AW 


RA. 


Fig. 6. Mature foetal lamb, Records from above downwards of the pressure in the femoral artery, 
the left atrium (L.A.) and the right atrium (R.A.). Time in 75 sec, interrupted once every 
second. The ductus arteriosus was occluded between the two marks and caused a very con- 
siderable change in the appearance of the left atrial pulse pressure record. 


The very high mean left atrial pressure observed during the first quarter of 
an hour or so of neonatal life began to decline later, The beginning of this 
process can be seen in Fig. 5 and continues over a considerable period of time, 
as in Fig. 7. This did not appear to be due to a deterioration in the condition of 
the lambs, for their arterial blood pressures were adequately maintained, and 
they were well oxygenated. It seemed possible that this gradual decline in left 
atrial pressure might be due to a decrease in pulmonary blood flow such as could 
be expected if the ductus arteriosus were to constrict spontaneously. In four 
lambs we found that left atrial pressure began to fall very shortly after the 
ductus arteriosus had begun to constrict (as judged by direct measurement of 
the external diameter with a pair of callipers), and that this coincided with the 
development of a murmur in the pulmonary trunk (Fig. 7). It is incidentally 
interesting to observe that, in this experiment (Fig. 7), tying the umbilical cord 
caused a considerable fall in systemic arterial oxygen saturation, accompanied 
by a sharp increase in heart rate, which was relieved by administration of 
oxygen and soon succeeded by constriction of the ductus arteriosus. It seems 
likely that the rather large pressure differences recorded between the left 
atrium and the inferior vena cava in the early neonatal period do not persist 
once the ductus arteriosus has started to close and the circulation becomes 
more like that in the adult. We therefore measured the pressures in the 
inferior vena cava in lambs which were a few days old. 
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Fig. 7. Mature foetal lamb. Records from above downwards of heart rate, femoral B.P., left 

atrial pressure, the thrill and murmur from the pulmonary trunk, the external diameter of 

the ductus arteriosus and the oxygen saturation in the carotid artery, Ventilation causes a 

a progressive rise in left atrial pressure which is accentuated by tying the umbilical cord and 
thereafter declines as the ductus arteriosus constricts. 


TaBLE 1, Relation of left atrial and inferior caval pressures in newborn lambs 


Age Py, -Privo. 

Lamb no. (days) em saline of foramen ovale Manometer 
353 + —_ Condenser 
354 0 — Condenser 
499 3 1-5-2-0 Not attached Saline ! 
495 3 1-4 Not attached Saline 
473* 4 — 0-5 Adherent over most of free edge Saline 
497 6 1-1 Not attached Saline 

442 8 2-2 Admits only a bristle Saline 
443 8 2-3 Admits only a bristle Saline 


* Suffering from diarrhoea. 


Reunas pressures in young lambs. born naturally 


In seven out of eight lambs. which had been born spontaneously the left 
atrial pressure was higher than that in the inferior vena cava (Table 1). In the 
eighth lamb, no. 354, the pressures were almost exactly the same, and when the 
sidearms of the manometer gauge heads were connected blood did not flow in 
either direction, whereas in lamb no. 353 it flowed from the left atrium to the 
inferior vena cava. In lambs which were 3 or 4 days old there was no gross 
evidence of anatomical closure of the foramen ovale. In the two lambs which 
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were examined on the eighth day of life the free edge of the valve had a 
swollen appearance and was attached to the atrial wall over almost its entire 
length. A fine bristle could just be passed through a small hole at its centre. 


DISCUSSION 


In the foetal lamb some 60% of the blood flowing up the inferior vena cava 
passes through the foramen ovale into the left atrium (Dawes et al. 1954). The 
experiments described in this paper show that the pressure pulse curves in the 
inferior vena cava and the left atrium of the foetal lamb closely resemble one 
another, and that there is a small pressure drop between the inferior vena cava 
and the left atrium. Occlusion of the umbilical cord for short periods of time 
stopped the placental circulation and caused a fall in both inferior caval and 
left atrial pressures such that the pressure gradient across the foramen ovale 
was often reversed. 

Birth is characterized by two abrupt events—one is the rupture or ligature 
of the umbilical cord, and the other the expansion of the lungs for the first time. 
When the foetus is separated from the mother the contribution of the umbilical 
vein to inferior vena caval blood flow is removed, with the consequences noted 
above. Ventilation of the lungs causes a great increase in pulmonary blood flow 
(Dawes, Mott, Widdicombe & Wyatt, 1953) and this in turn leads to an in- 
crease in left atrial pressure. The haemodynamic consequences of rupture of 
the umbilical cord and of expansion of the lungs therefore both contribute to 
the reversal of the pressure gradient which existed in the foetus between the 
inferior vena cava and the left atrium. This reversal of gradient “slams the 
door’ of the foramen ovale and thus the mechanical consequences of birth are 
such as to prevent the possibility of venous blood passing directly from the 
right to the left side of the heart. 

Occlusion of the ductus arteriosus in the neonatal state causes a fall of left 
atrial pressure, but not to such an extent as to make likely any re-opening of 
the foramen ovale. The ductus arteriosus normally begins to constrict within 
about a quarter of an hour of birth, and this is accompanied by a reduction in 
left atrial pressure, as a result of the decrease in pulmonary blood flow. 

Barcroft (1946) argued that, since it was possible for the blood of a newborn 
lamb breathing oxygen to attain complete saturation within a few minutes of 
birth, the existence of any right-left shunt via the foramen ovale was precluded. 


_ The observations described in this paper accord with this contention, since the 


pressure changes imply a rapid closure of the valve of the foramen ovale after 
birth. We have confirmed Barcroft’s observation and found that the carotid 
arterial oxygen saturation reached 100% within 10 min in two lambs. How- 
ever, the converse argument, that if the blood is not fully saturated in a lamb 
breathing oxygen there is an anatomical right-left shunt, does not necessarily 
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hold (as Barcroft pointed out) since any unsaturation of the blood may well 
have been due to inadequate functioning of the lungs. The only other evidence 
of closure of the foramen ovale shortly after birth is by cineangiography 
(Barclay & Franklin, 1938; Barclay, Barcroft, Barron & Franklin, 1939). 
These observations, though relatively few in number, also accord with the view 
that the foramen ovale shuts shortly after birth, though as this is a negative 
observation, in the sense that contrast medium is no longer seen to pass from 
the inferior vena cava to the left side of the heart, and as the limitations of the 
apparatus in this respect have not been fully explored, it would be unwise to 
rely on this evidence alone. More recently, Lind & Wegelius (1954), also using 
cineangiography, have recorded the passage of small quantities of contrast 
medium from the inferior vena cava to the left heart in human babies. How- 
ever, it seems possible that the pressure gradient across the foramen ovale 
may have been reversed by the volume of fluid injected, and this point will 
need further investigation. 

It is also worth drawing attention to one other observation. In the foetal lamb 
the mean pressure in the inferior vena cava exceeds that in the left atrium 
throughout most of the cardiac cycle, but during atrial systole it would appear 
that atrial pressure may momentarily exceed caval pressure, thus closing the 
valve of the foramen ovale. It must be admitted that the interpretation of the 
condenser manometer pressure records is a matter of considerable difficulty 
where such small pressure differences are concerned. However, if the valve of 
the foramen ovale does close during atrial systole it may well be that the filling 
pressure of the left ventricle is greater than it would be if the valve did not 
close. In this connexion it must be remembered that in the foetus pulmonary 
vascular resistance is high, and it is therefore unlikely that retrograde flow 


through the pulmonary vascular bed during left atrial systole will be very con- _ 


siderable. These considerations are of interest because, in the foetus, the 


output of the left ventricle is substantially greater than that of the right 
ventricle (Dawes et al. 1954). | 


SUMMARY 


1. The pressures in the great veins and atria of mature foetal and newborn : 


lambs have been measured with saline manometers and with condenser 
manometers, before and after tying the umbilical cord and beginning artificial 
positive pressure ventilation. 

2. In the foetal lamb the mean pressure in the inferior vena cava is greater 
than that in the left atrium and in the right atrium. However, condenser 
manometer records show that the pressure in the left atrium momentarily 
exceeds that in the inferior vena cava during atrial systole; it is therefore pos- 


sible that the valve of the foramen ovale normally closes for a brief moment 
during each cardiac cycle. 
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3. Temporary occlusion of the umbilical cord in the foetal lamb causes a fall 
in pressure in both the inferior vena cava and the left atrium, because of the 
interruption of placental blood flow. The fall is greater in the inferior vena cava 
than in the left atrium, so that in the majority of lambs the pressure gradient — 
across the foramen ovale is reversed. 

4, Ventilation of the lungs causes a large rise in left atrial pressure owing 
to the increase in pulmonary blood flow. The pressure gradient across the fora- 
men ovale is reversed within a few minutes of beginning ventilation, and this 
change is accentuated by subsequent ligature of the umbilical cord. Ventilation 
of the lungs causes a considerable change in the shape of the left atrial pressure 
pulse; the end of atrial systole is followed at once by a large rise of pressure due 
to atrial filling. 

5. Spontaneous constriction or temporary artificial occlusion of the ductus 


arteriosus, some minutes after ventilation has begun, reduces the flow of blood 


from the aorta into the pulmonary circulation and therefore causes a fall in 
left atrial pressure accompanied by a reduction in the size of that part of the 
left atrial pulse wave which is due to atrial filling. However, the mean left 
atrial pressure does not fall below the pressure in the inferior vena cava. 

6. Anatomical closure of the foramen ovale appears to begin towards the end 


_ of the first week after birth. 


We are most grateful to the Nuffield Foundation and the Medical Research Council for grants 
which have made this work possible, and to the M.R.C. for a grant to J.G.W. 
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LOCAL ACTIVITY AT A DEPOLARIZED NERVE-MUSCLE : 
JUNCTION 


J. pet CASTILLO B. KATZ 
From the Department of Biophysics, University College London 
(Received. 8, January 1955) 


In this paper experiments are described in which the behaviour of the neuro- 
muscular junction was studied under abnormal conditions. It was hoped to 
throw further light on the action of acetylcholine (ACh) and on the factors 
which govern its release from the nerve endings, by examining end-plates 
which had been subjected to gross changes in the ionic environment, Bath 
solutions were used whose sodium chloride content had been entirely replaced 
_ by sucrose or potassium sulphate. In the latter case the tissue became not only 
inexcitable but also completely depolarized. It was of interest to find out 
whether under such abnormal circumstances ACh would still react with the 
end-plate receptors and produce detectable electric changes in the post- 
synaptic membrane. This might conceivably be the case, for previous work 
(Fatt & Katz, 1951; Castillo & Katz, 19546) suggested that the effect of ACh 
is independent of, and involves different reactions and different receptors 
from, the process of electric excitation. 

Experiments were also made to discover whether the intermittent quantal 
release of ACh from the motor nerve endings, which occurs spontaneously in 
the normal preparation and gives rise there to the firing of miniature end- 
plate potentials, continues to operate in depolarized and sodium-deprived 
tissue. It had been suggested (Fatt & Katz, 1952a, 6) that the release of ACh 

_and the spontaneous activity at the junction depend on the presence of sodium 
in the surroundings and on the maintenance of excitability of the nerve 


endings, but the results described below (see leo Castillo & Katz, 1954d) call ~ 


for a revision of this hypothesis. 


METHODS 


The method consisted in the intracellular reeording of potential changes from end-plates of the 
frog, and was substantially the same as that previously described (Fatt & Katz, 1951; Castillo & 
Katz, 1954). The local effect of ACh* ions was studied by electrophoretic application, using the 
technique of Nastuk (19535) and Castillo & Katz (1954c, 1955). In practically all experiments, it 
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was desirable to study the influence of ACh on the membrane resistance. This required the use of 
a second intracellular electrode to pass current through the membrane; an indication of the 
membrane resistance was obtained from the relation between applied current and resulting 


| potential change. Thus, as shown in Fig. 1, three micropipettes were used in these experiments: 


two filled with 3m-KCl, were inserted into the junctional region of the muscle fibre, (1) for re- 
cording p.d. and (2) for passing current across the membrane; the third pipette, filled with an 
ACh solution, was applied externally, close to the end-plate. 

The bath solution was usually either Ringer (composition in mm: Na 115-6, K 2-0, Ca 1-8, 
Cl 121-2), or sucrose-substituted Ringer (115-6 mm-NaCl being replaced by 212 mm-sucrose, the 
other components being unchanged), or isotonic K,80, (95 mm). Before transferring a muscle to 
K,SO,, it was soaked for 15-20 min in a ‘sulphate-Ringer’, to avoid any entry of KCI into the 
interior of the fibres (Overton, 1904; Boyle & Conway, 1941). 


Fig. 1. Arrangement of electrodes. A muscle fibre with its myoneural junction is represented 
schematically. Three micropipettes are used: (1) and (2), containing 3m-KCl, are inserted 
into the fibre; (3) contains ACh (about 0-5m) and is placed on the outer surface of the cell. 


For the present work, micropipettes were used, drawn by a machine similar to that described 
by Alexander & Nastuk (1953). To reduce artifacts, the shafts of the tubes were encased in 
cylindrical shields; by connecting the shield of the recording electrode to the cathode of the input 
‘follower’ valve, its effective capacity was reduced. 

In the course of this work, possibly accentuated by a new batch of glass, a good deal of trouble 
was experienced with high and unstable junction potentials at the tip of the micropipettes 
(filled with 3m-KCl). 

It may be useful to report our observations in some detail. The junction potential was measured 
in most cases by using a special electrode holder which incorporated a low-resistance Ringer- 
agar bridge. This formed a side-tube in parallel with and slightly shorter than the micropipette, 
so that by sufficiently lowering the electrode assembly into the fluid the tip of the micropipette 
became short-circuited. 

(1) With pipettes of 10-20 MQ resistance, the observed junction potential varied between nil 
and a maximum of 71 mV, the inside of the pipette being negative. Values of 20-30 mV are not 
uncommon. Even with the same pipette, the p.d. may suddenly fall or rise, this usually being 
accompanied by a drop or increase, respectively, of the tip resistance. The p.d. disappears when 
the tip breaks, and is abolished when the outside and inside concentrations are made equal (e.g. 
by filling the pipette with Ringer, or alternatively the bath with 3m-KCl). On the other hand, 
the junction potential nearly doubles when the bath ie changed from Ringer to Na-free sucrose- 


4 
ag 
| : 
* a 
* 
G 
> 
“Al 
aa 
A 
x 
Ri 
inger. 
#4 
a 
+ 


398 J. pet CASTILLO AND B. KATZ 


(2) During recent experiments, we have not infrequently observed unusually high ‘resting 
potentials’, up to 130 mV, or so. Fine manipulation, with the tip inside the muscle fibre, suggested 
that these were due to an artifact, namely a sudden increment of the junction p.d, The increase 
occurred sometimes as a step-wise change when the tip of the pipette was pushed a little more 
deeply into the fibre, and it was often accompanied by an increase of resistance. Unless the time 
constant became excessive the spike amplitude was unaltered, the active ‘overshoot’ showing 
a corresponding deficit. 

small potential changes of opposite polarity when the resistance was altered. 

(4) When current is passed through the pipettes, a rectification often occurs; positive current 
usually enters more readily than it leaves the pipette. When a pipette enters or touches the 
fibre, its resistance often increases, and frequently the rectification becomes more pronounced or 
appears for the first time. 

These symptoms might all be explained by partial blockage of the orifice, together with the 
fixed negative charge of the glass and, possibly, negative charge on blocking particles (e.g. anionic 
proteins, or any material of low dielectric constant) suspended in the surrounding solution. 

Blockage would render the orifice less permeable and raise the resistance; fixed negative charges 
would repel anions and allow cations to pass by surface conductance. The behaviour of the 
junction could therefore vary, depending on the blocking particles, between that of an open KCl 
bridge and that of a selectively cation-permeable membrane, with a diffusion potential which 
theoretically could reach some 90 mV. In sucrose-Ringer, the extreme p.d. would become nearly 
twice as large. Rectification may be due to the same negatively charged blocking particles being 
attracted to the orifice and lodged more firmly when the pipette is made positive. This would 
explain why large positive currents often can be passed inward but not outward. 

It is not clear how these difficulties can be altogether avoided. Selection of pipettes is useful, 
but no complete safeguard, because the trouble can suddenly appear (or vanish) in the course of 
a single cell penetration, 

The main risk is a serious error in the determination of the resting potential. This may become 
particularly severe when the pipette is moved into the cell from a medium of very different con- 
ductivity, e.g. when the muscle is immersed in Na-free sucrose-Ringer. To minimize it, pipettes of 
low junction p.d. should be selected. One may also try to reduce the trouble by inserting the 
pipette from a normal Ringer solution and then change the outside bath to sucrose-Ringer with 
the electrode tip still inside the fibre. In this case a correction must be made for the junction p.d. 
at the Ringer-filled bath electrode. 

Sudden changes of the junction p.d. may occur not only during the process of insertion, but also 
while the tip is embedded inside the cell, due to mechanical disturbances (e.g. a muscle twitch). 
Such changes may escape detection, especially if no check is kept on the electrode resistance, and 
cause a large scatter of resting potentials. The observations mentioned in (2) above contain 
a special warning against uncritical acceptance of high potentials: it would clearly be fallacious to 
assume that the largest obtainable resting potentials are the most reliable ! In addition to selection 
of stable electrodes, the best safeguard would appear to be to keep a continuous check on the value 
of the electrode resistance before and after penetration, and treat with suspicion intracellular 
potentials which were recorded after a sudden increase of the electrode resistance had occurred. 


RESULTS 


A. The effect of ACh on muscles immersed in isotonic potassium sulphate 


Frog muscles can be made reversibly inexcitable and depolarized by placing 


them in an isotonic solution of K,SO0,. Under these conditions, the sodium 
chloride content of the tissue is rapidly washed out, apparently not only from 
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the interstitial spaces, but also from the interior of the cells (cf. Harris, 1950; 
Carey & Conway, 1954). 

The muscle does not swell in the K,SQ, solution, probably because the 
fibre membrane is impermeable to the sulphate ion (Conway & Moore, 1945). . 
The main advantage of this solution is that even after prolonged storage the 
muscle promptly recovers its excitability when it is returned to normal 
Ringer (see Overton, 1904; Katz, 1949). 

The resting potential is abolished or reduced to a small and uncertain value 
(a few mV in either direction) by the exposure to 95 mm-K,S0,. If a recording 
electrode is placed inside the fibre at a previously located end-plate, close 
application of ACh by an external micropipette is apparently ineffective, that 
is to say, it fails to produce a potential change at points where it previously, 
in normal Ringer solution, caused a large depolarization. This is not sur- 
prising, for if the membrane has already been completely depolarized by a high 
external potassium concentration, the addition of ACh would hardly be ex- 
pected to produce a further potential change. But the absence of a potential 
change does not imply that ACh has now lost all detectable electrical action. 
If we are right in supposing that ACh normally ‘short-circuits’ the end-plate 
membrane and raises its permeability to sodium, potassium and possibly other 
ions, then even under the present conditions ACh may be expected to produce 
a lowering of the membrane resistance. If, on the other hand, ACh acted 
primarily on sodium permeability alone, then in the absence of sodium no 
such change would be found. It is also conceivable that the abnormal medium 
would make the end-plate receptors unresponsive to ACh so that the Teaction 
leading to a permeability change can no longer take place. 

To throw some light on these different possibilities, it is necessary to 
examine not only the membrane potential by itself, but to look for changes’ 
in the membrane resistance, in other words to find out whether ACh changes 
the potential of the membrane when a steady current is being passed through 
it. Experiments of this kind are illustrated in Figs. 2-4. In the upper part 
of Fig. 2 the procedure was as follows. Pulses of outward current were passed 
through the end-plate membrane at intervals of about 1 sec, and the resulting 
catelectrotonic potentials were recorded on a slowly moving film. (It will be 
noted that the p.d. built up by the current pulses across the depolarized mem- 
brane is of opposite sense to the normal resting potential.) The height of the 
pulses of electrotonic potential may be used as a measure of the membrane 


- resistance (Fatt & Katz, 1951). An ACh-filled pipette had been placed near 


the end-plate and, by applying electric ‘braking’ pulses, making the interior 
of the pipette negative with respect to the bath (Castillo & Katz, 1955), out- 
ward leakage of ACh was reduced or stopped. At points A and C, the polarity 
of the braking pulses was reversed, and ACh* ions were made to diffuse at 
accelerated rate towards the end-plate. The result was a prompt decline in the 
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amplitude of the electrotonic potential pulses, indicating that the resistance 
of the membrane was lowered by the applied ACh. At B and D the braking 
pulses were switched on again, and the electrotonic potentials rapidly re- 
covered their original height. 

In the lower part of Fig. 2, a somewhat different method was employed. At 
point A, the electrotonic current through the membrane—previously in the 
form of pulses—was maintained, producing a prolonged, fairly steady, 
catelectrotonic potential. At B, a quantity of ACh was suddenly discharged 


Fig. 2. Effect of ACh on K,S0,-treated end-plate. The records show electrotonic potentials built 
up by outward currents passing across the fibre membrane, and the reduction of these poten- 
tials caused by ACh. For full description see text. 


from the external ACh-pipette by passing a strong outward current pulse 
through it. This resulted in a large transient drop of the electrotonic potential. 
After a pause, the experiment was repeated, this time applying three successive 
charges of ACh to the end-plate membrane. 

It is clear from these observations that even in a muscle bathed in isotonic 
K,80,, ACh can react with the end-plate receptors and produce a large in- 
crease of the membrane conductance. 

Some details of this effect are shown, on a faster time base, in Fig. 3. In the 
upper part of Fig. 3, catelectrotonic and anelectrotonic potentials are illustrated 
from the end-plate region of a K,SO,-treated muscle fibre. For a given in- 
tensity, an outward directed (cathodic) current produces a much larger and 
slower potential change than an inward (anodic) current. This shows, in 
agreement with earlier observations (Katz & Lou, 1947; Katz, 1949), that the 


isd ~ 
| 
Be. 
4 
% 
é 
a 
ug 
be 
x 
* 
ag 
4 
34 
4G 
au 
g 
4 


ACTIVITY AT DEPOLARIZED N-M JUNCTION 401 


muscle membrane, depolarized in a potassium-rich medium, possesses striking 
‘rectifier’ properties. The differences in size and time course of the opposite 
electrotonic potentials are due to the fact that the resistance, and therefore 
the time constant, of the membrane varies with the p.d. across it, and is high 


Fig. 3. Effect of ACh on K,SO,-treated end-plate. Upper part shows the rectifier property of the 
muscle membrane. C, current pulse passing through membrane; outward (‘cathodic’) 
current shown as downward deflexion. V, electrotonic potential; catelectrotonic p.d. 
(inside of fibre becoming positive) shown as upward deflexion. Lower part shows reduction 
of electrotonic p.d. due to local application of ACh (0-15 sec pulses through ACh pipette, 
starting 0-135 sec before electrotonic potentials; strength of ACh pulses in b and ¢ was about 
2x 10-* coulomb). For further details see text. 


in the cathodic and low in the anodic region. The reason for this electrical 
asymmetry of the fibre membrane is not yet understood (see Katz, 1949); it is, 
however, of practical importance for the present experiments in which ad- 
vantage has been taken of the relatively high resistance developed during the 


passage of an outward current. | 
26 PHYSIO, CXXVIII 


‘ 
> 
y 
¥ 
+ 
4 
ig 
7 
ie 
x 
a 
i 
os 
= 
~ 
4 
> 
A wa 
SS 
Bt, 
ri 
x 
4 Fo. 
“4 
ong 
a 
4 
ag 


402 J. pet CASTILLO AND B. KATZ 


The action of ACh under these circumstances is equivalent, in electrical 
terms, to the placing of a shunt across a rectifier element. The shunting will be 
much more effective if one operates on the high-resistant, cathodic, side of the 
voltage/current curve, than on the anodic side where the resistance of the 
membrane is already low and the addition of a parallel conducting path makes 
little difference. This is borne out by the records in the lower part of Fig. 3. 
Each record shows two deflexions, the larger being the ordinary electrotonic 
potential in the absence of ACh; the smaller deflexion showing the reduced 
potential obtained in the presence of ACh. ACh was applied by a brief outward 
pulse through the external pipette, the pulse being timed so that it overlapped 
with the beginning of the electrotonic potential. In Fig. 3a a relatively weak 
pulse of ACh*+ was applied, in Fig. 3b the pulse strength was approximately 
doubled. There is a striking reduction in the size of the catelectrotonic poten- 
tial, and also in the time needed to charge and discharge the membrane capa- 
city. The anelectrotonic potential was very small to begin with, and of rapid 
time course. It is further diminished by ACh, but the changes are slight. 
Results of this type of experiment have been plotted in Fig. 4; they confirm our 
description of the ACh-effect as a short-circuit placed across a rectifying 
membrane. The change in the voltage/current characteristic produced by ACh 
can be determined graphically, and in the particular case of Fig. 4A amounts 
to a shunting of the membrane with a resistance of about 130,000 Q. 


The doses of ACh used in these experiments were large compared with those 


found effective in normal Ringer’s solution; e.g. the changes illustrated in 
Figs. 3 and 4 were produced by discharges of 10-* to 10-’ coulomb. This is 
nearly 100 times more than required normally for a ‘threshold depolarization’ 
of a sensitive spot (Castillo & Katz, 1955). Such a comparison, however, is 
misleading, because (a) the effects.are not directly commensurable, and 
(6) good localization is more difficult to achieve in the K,SO,-treated pre- 
paration. A better way of comparing results would be to find the quantities 
of ACh which produce the same increase of membrane conductance at a 
normal and K,80O,-treated end-plate. This will require further experiments; 
but estimates made in two cases suggest that the discrepancy is not nearly 
as large as indicated above: the ACh-sensitivities measured in this way may 
still show a several-fold difference, but appear to be of the same order of 
magnitude. This view is supported by the findings of spontaneous diminutions 
of membrane potential at the K,80,-treated end-plate (section B) which, 


though less intense, are also of the same order of magnitude as those observed 


in normal Ringer. 

One may conclude from these experiments that ACh increases the ion 
permeability of the end-plate, even in the absence of NaCl and even when 
resting potential and electric excitability of the tissues have been abolished. 
The experiments do not disclose the identity of the ions which pass through 
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the ACh-operated membrane channels, but they confirm that, in addition to 
sodium, other ions must be involved (cf. Castillo & Katz, 1954). The present 
results could be explained by an increased flux of potassium alone, or by 


a more generalized permeability — of the kind envisaged by Fatt & Katz 
(1951). 
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Fig. 4. Voltage/current characteristics of two K,SO,-treated end-plates and their modification by 
ACh. Ordinates: membrane potential. Abscissae: membrane current. Open circles, and 
curves G,: electrotonic potentials, and non-linear membrane conductance, observed in the 
absence of ACh. Filled-in circles: electrotonic potentials in the presence of ACh. The ACh 
effect, shown by arrows, can be explained by the addition of a shunt conductance G, to the 
membrane conductance G,. This gives a total conductance G, +G, indicated by the dotted 

_ curve whose abscissa is equal to the sum of abscissae G, and G,. 


B. Spontaneous activity at K,SO,-treated nerve-muscle junctions 

With the present methods it should be possible to test whether ACh can 
still be released from the motor nerve endings in spite of the depolarized state 
of the tissue and the abnormal ionic environment. Nerve stimulation is, of 
course, ineffective in the K,SO, solution, but it was conceivable that the spon- 
taneous local activity in the nerve endings which normally gives rise to an 
intermittent discharge of ‘miniature end-plate potentials’ (Fatt & Katz, 
1952a) might still go on even when the tissue has been depolarized and 
deprived of sodium salts. Such spontaneous activity would result in an inter- 
mittent lowering of the membrane resistance of the end-plate and might be 
detected by displacing the membrane potential electrotonically and looking 
for small changes with high amplification. This is technically much more 
difficult than the recording of miniature e.p. P. ’s in normal -_ and 
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negative results (which were indeed obtained sporadically) need not be re- 
garded as significant. However, in several experiments (e.g. Figs. 5, 6) the 
results showed convincingly that the spontaneous ‘quantal’ activity which is 
characteristic of normal motor nerve endings continues in the K,SO,-treated 
preparation. 

End-plates of the M. ext. 1. dig. IV were used for the recording of miniature 
e.p.p.’s and, in order to improve the ‘signal/noise’ ratio, prostigmine (10~, 

w/v) was added (cf. Fatt & Katz, 1952a). The K,SO, bath in the experiments 
of Figs. 5 and 6 contained also about 1 mm-NaCl, the prostigmine having been 
added from a Ringer-stock solution. The results, however, were the same as in 
other experiments in which a NaCl-free solution was run continuously through 
the bath. 

In the top portion of Fig. 5, miniature discharges from normal end-plates 
are shown. When the microelectrode was re-inserted into the cells, after re- 
placing the Ringer bath by K,SO,, the miniature e.p.p.’s had apparently been 
abolished together with the resting potential. But when current was passed 
outward through the membrane, building up a catelectrotonic p.d. of, say, 
60 mV, miniature e.p.p.’s appeared immediately, and vanished again as soon 
as the current was withdrawn. Hach discharge represented a minute transient 
fall of the electrotonic potential: the miniature potentials were ‘inverted’, be- 
cause the electrotonic p.d. was of opposite direction to the normal resting 
potential. The amplitude of the discharges was considerably smaller, and their 
time course faster in the K,SO, than in Ringer, but there was little doubt of 
their identical origin. Like the normal miniature e.p.p., they were only found 
at innervated regions of the muscle fibres and were reversibly abolished by 

-curarine. 

In Fig. 6 further details are shown from a single end-plate, whose membrane 
potential was displaced over a range of +60 mV, in either direction fromthe 
initial ‘zero level’. The amplitude of the discharges increased with the size of 
the electrotonic potential, but for a given displacement the miniature e.p.p.’s 
were smaller on the anodic than on the cathodic side. This was to be expected, 
for it has already been shown (section A) that a given amount of ACh produces 
a much larger reduction in the catelectrotonic than in the anelectrotonic 
potential, the reason being the higher resistance of the cathodically polarized 
membrane. 

The present findings throw some interesting light on the origin of the spon- 
taneous activity at the nerve endings. Thus it is no longer possible to entertain 


any hypothesis which requires the presence of a normal ionic ylbaiananaae or 
of electric 
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Fibre 1 


Fibre 2 


Fibre 3 
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Fibre 4 


Fig. 5. Spontaneous ‘miniature e.p.p.'s’ in normal and K,SO,-treated muscle. Records obtained 
from different fibres of a M. ext. 1. dig. IV. Time scales: 1 sec except in the lower records of 
fibre 4, obtained on faster time base. (The unsteadiness in the ‘K,SO, records’ is due to slow 
fluctuations in the resistance of the current-passing pipette as well as of the fibre membrane.) 
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Fig. 6. ‘Miniature e.p.p.’s’ in a K,S0,-treated fibre. All records from the dime end-plate. The 
membrane potential was displaced electrotonically, from the initial depolarized level, by the 


C. Experiments with sodium-free sucrose solutions 

By replacing the NaCl content of the bath with isotonic sucrose, the muscle 
is made inexcitable without losing its resting potential. The action of ACh 
under these conditions has been studied by Fatt (1950) and Nastuk (1953a, 
1954). With external recording and a maintained bath concentration of ACh, 
Fatt (1950) found a depolarization of the end-plate region by several mV. 
Nastuk (1953a, 1954) recorded the changes of membrane potential with an 
internal electrode, and observed a small and irregular ACh potential amounting 
to less than 7% of that obtainable in normal Ringer. This great reduction 
might be due either to diminished sensitivity of the end-plate receptors, or to 
a change in the equilibrium level of the ACh potential which could conceivably 
come close to the resting potential in the Na-free medium. __ 

Our results showed a good deal of variability: in many cases the end-plates 
had clearly become insensitive, there being no detectable ACh effect either at 
the existing or at electrotonically displaced levels of the membrane potential. 
At other end-plates, ACh still produced a small depolarization, and again at 
some end-plates, whose resting potential was low, ACh caused an increase of 
the membrane p.d., the reverse of the usual ACh potential. These observations 
suggested that the replacement of NaCl by sucrose (and the associated lowering 
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of ionic strength) gave rise to both kinds of change considered above: (a) a 
reduction of the receptor sensitivity, and (b) a rise in the equilibrium level of 
the ACh potential to somewhere near the resting potential. The direction of the 


ACh potential would vary depending upon whether the resting potential of 
the particular fibre was above or below the ‘ACh-equilibrium’ point. 


Fig. 7. Effects of ACh in muscles treated with ‘suorose-Ringer’, showing reversal of sign of ACh 
potentials. a, b, c: three different end-plates; P: changes of membrane potential recorded 
with electrode (1) (Fig. 1). Downward deflexion: increase of internal negativity. Step-wise 
changes in level are due to variations in electrotonic currents passing through internal clec- 
trode (2); the rhythmic transient changes are ACh potentials (preceded by brief upward- 
going artifacts) due to outward pulses through the external ACh pipette (3). J: currents 
monitored, through both electrodes (2 and 3), showing step-wise changes of electrotonic 
current and brief pulses through ACh pipette. Quantity of ACh pulses approximately 2-4 x 
10-* coulomb. Approximate position of reversal points indicated by arrows. The absolute 
levels could be determined only roughly: reversal occurred at about 65-70 mV in a, 70-80 mV 
in 6, and 45-50mV in c. Fibres a and c were depolarized, and in the absence of anelectrotonus, 

_ ACh produced an increase of the membrane potential. Fibre 6 started at a high resting 
potential (over 90 mV) which gradually fell to about 50 mV. The decline was associated with 
a reversal of the ACh potential (from a decrease to an increase of the membrane potential). 


In several fibres, a reversal of the ACh response was obtained by displacing 
the membrane potential with an applied current. This is illustrated in Fig. 7 
which shows, on a slow time base, the effect of ACh application at different 
levels of the membrane potential. The reversal point could be determined 
approximately by interpolating between levels at which responses of opposite 
sign were observed. In six experiments, the mean equilibrium potential, so 
determined, was about 60 mV (varying between 48 and 75 mV), a much higher 
level than found in normal muscle (10-20 mV, Castillo & Katz, 19546). 
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| DISCUSSION 

The action of ACh on the end-plate. The experiments with K,SO,-treated 
muscles confirm that ACh raises the conductance of the post-synaptic mem- 
brane, even in the absence of sodium and chloride. The effect is then probably 
accompanied by, and perhaps entirely due to, an increased flux of potassium 
across the end-plate surface, though there remains the possibility that under 
the influence of ACh the end-plate becomes permeable also to other ions 
(sulphate, internal anions) which normally fail to penetrate the fibre mem- 
brane, 

It has previously been shown (Fatt & Katz, 1951) that, in the absence of 
ACh, the electrical properties of the end-plate region do not differ from those 
of other parts of the fibre membrane. This seems to hold also for K,SO,-treated 
muscle fibres which show the same ‘anomalous rectifier chkeasteitatic ’ at the 
end-place and elsewhere (cf. Katz & Lou, 1947; Katz, 1949). Under the in- 
fluence of ACh, however, an additional conducting path is provided at the 
end-plate, and this reduces the locally recorded rectification (Figs. 3, 4). It 
appears, therefore, that the ACh-operated channels in the end-plate differ 
from the conducting channels in the surrounding fibre membrane in that they 
allow current to pass in both directions with much the same facility. 

The residual effect of ACh observed in ‘sucrose-muscles’ is more difficult 
to interpret. The fact that a depolarization, though greatly diminished, can 
still be observed in some preparations, indicates that other ions, besides Na 
and K, may be involved. This suggestion depends, however, on the premises 
that after washing with sucrose-Ringer no sodium is left on the external sur- 
face of the membrane, and that the resting potential of the fibre does not 
exceed the potassium equilibrium potential. In any case, the effect was so 
small and irregular that we must agree with Nastuk (1953a) in regarding it as 
of doubtful significance. 

The release of ACh from nerve endings and the nature of the miniature e.p.p. 
The fact that the spontaneous discharge of miniature e.p.p.’s persists in 
K,SO,-treated muscle invites further comment. The mechanism of the spon- 
taneous discharge differs in important respects from that of the normal e.p.p. 
(Fatt & Katz, 1952a; Castillo & Katz, 19542), but there is evidence that both 
are due to a sudden release of ACh from the motor nerve endings, that the 
miniature potential represents the ‘quantal unit’ of the normal e.p.p., and 
that the unit itself arises from synchronous release of a large number of ACh 
ions. It had previously been shown that under certain conditions, e.g. by 
increasing magnesium and lowering calcium concentration, the spontaneous 

‘quantal’ activity may continue at undiminished rate, although the nerve 
impulse is no longer capable of initiating ACh-release. The present experiments 
show that the spontaneous activity continues even when the tissue is com- 
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pletely depolarized, when the excitability of nerve and muscle has been abo- 
lished, and when no sodium is present in the fluid. This finding rules out the 
possibility (Fatt & Katz, 19520, 1953), that miniature potentials may arise 


_ from some form of spontaneous electric excitation within localized areas of the 


nerve endings. It also eliminates the hypothesis, put forward by Fatt & Katz 
(19520) that the release of ACh from the nerve endings involves a specific 
cation exchange between external Na and intracellular ACh ions. 

That hypothesis was based on findings which suggested that the release of 
ACh is diminished in Na-deficient solutions. But the evidence, as Fatt & Katz 
(19525) already pointed out, was indirect and not decisive. More recently, 
Hutter & Kostial (1954) have used direct methods to determine the relation 
between Na concentration and ACh output from stimulated sympathetic 
ganglia in the cat and failed to observe any effects which could not be 
attributed to blockage of nerve conduction, at very low Na concentrations. 
It must, therefore, be regarded as doubtful whether sodium plays any specific 


and direct part in the release of ACh, though it presumably has an important 


influence indirectly, by affecting the properties of the nerve spike, 

Some comments are also required on the differential effect of Na withdrawal 
which Fatt & Katz (19525) observed, viz that the e.p.p. was reduced by Na 
deficiency to a greater extent than the depolarizing action of applied ACh. 
We have done a number of experiments with brief electrophoretic application 
of ACh in solutions of reduced Na content; in some of them, the muscle was 


-curarized so that the e.p.p. as well as the ACh potential could be recorded 


repeatedly from the same junction. In these experiments, the average effect 
of Na deficiency on the ACh potential was greater than had previously been 
found by Fatt & Katz, and no clear evidence of differential action (on e.p.p. 
and ACh potential respectively) was obtained. Possibly the discrepancies are 
due to the different methods used in assaying the action of ACh. 

The experiments described in section B help to dispose of certain hypo- 
theses, but leave unanswered the problem of how ACh is released from nerve 
endings and why the release, spontaneously as well as during the transmission 
of an impulse, occurs in quantal, multi-molecular units. 

Fatt & Katz (19526) considered a possible analogy between the release of 
ACh from the endings and the release of potassium from the fibre. There is, 
however, at least one important difference between these two situations, 
namely that a large part of the intracellular potassium is in a state of free 
ionic solution (Hodgkin & Keynes 1953; Harris, 1954), while ACh appears to 
be either chemically bound to, or structurally enclosed within, small intra- 
cellular granules (Feldberg, 1945). These submicroscopic particles are believed 
to contain the enzymes responsible for the synthesis of ACh and to be able to 
accumulate a certain quantity of the substance. Recent electron-microscope 
studies by Robertson (1955) have revealed the presence inside a motor nerve 
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terminal of many small ‘vesicles’ of less than 0-1 diameter, which the author 
thinks may be charged with ACh and be analogous to secretion granules. It is 
possible to imagine a mechanism by which each particle loses its charge of 
ACh ions in an all-or-none manner when it collides with, or penetrates, the 
membrane of the nerve terminal. Such a mechanism of release would offer 
an attractive explanation of the ‘quantum’ effect which is responsible for the 
occurrence of a single miniature e.p.p. 


SUMMARY 


1. The properties of the motor end-plate were studied in an abnormal ionic 
environment, when sodium and chloride had been removed and the cell 
membranes completely depolarized by the substitution of an isotonic potas- 
sium sulphate solution. 

2. Under these conditions, while nerve and muscle fibres are electrically 
inexcitable, acetylcholine (ACh) still reacts with the end-plate receptors and 
raises the conductance (i.e. ion permeability) of the post-synaptic membrane. 

3. The intermittent ‘quantal’ release of ACh from motor nerve endings, 
which occurs spontaneously in the normal preparation and gives rise to 
miniature end-plate potentials, continues when the tissue has been immersed 
in an isotonic K,SO, solution, and is revealed by minute impulsive reductions 
of the post-synaptic membrane resistance. 

4. The experiments confirm that ACh raises the permeability of the end- 
plate to other ions besides sodium. Their bearing on the mechanism of ACh 
release from the nerve endings and on the origin of the spontaneous activity is 

We wish to thank Mr J, L. Parkinson and Mr A. C. Downing for much valuable assistance. This 
work was supported by a research grant made by the Nuffield Foundation. 
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THE ACTION OF ADRENALINE, t-NORADRENALINE, 
ACETYLCHOLINE AND OTHER SUBSTANCES ON THE 
BLOOD VESSELS OF THE PERFUSED CANINE LIVER 
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This paper records experiments designed to determine the effects of certain 
physiologically active substances on the circulation within the perfused 
canine liver. 

The results obtained differ in some respects from the rather conflicting 
observations of other workers (Bauer, Dale, Poulsson & Richards, 1932; 
Chakravarti & Tripod, 1940; McMichael, 1932). It is believed that some of 
these differences can be accounted for by an improved perfusion technique 
whereby the period of anoxia to which the organ is subjected during prepara- 
tion is reduced to a minimum and also by the fact that the perfusions were 
carried out with blood taken from the same animal. 


METHODS 


Apparatus 
The apparatus has been described in detail elsewhere (Andrews, 1953), and is based on that 
designed by Bauer e¢ al. (1932). Oxygenation was achieved with a Hooker oxygenator, and the 
blood pumps were modified from those described by Vane (1953) and Dale & Schuster (1928). 
Arterial pressure was measured with a mercury manometer. Portal blood flow was taken to be 
inversely proportional to the portal pressure, the flow being derived from a constant-levelreservoir. 
Hepatic venous outflow was measured by means of a modified Gaddum outflow recorder (Andrews, 
1952): this instrument records accurately changes of 5% or more in the rate of flow. Changes of 
liver volume were measured by a variety of methods, including total plethysmography, but in 
general the method described by Andrews (1953) was adopted as it necessitated a minimum of 
handling the liver. A rubber membrane was tied over the mouth of an inverted Perspex ‘funnel’ 
(water being introduced to a depth of 0-5 cm) which was lowered on to a lobe of the liver supported 
by a pad of Sorbo rubber. The funnel was connected to a McDowall volume recorder. This method, 
whilst not directly measuring total volume changes gave qualitative results identical with those 
obtained by enclosing either the whole liver or one lobe, or by measuring changes in the volume 
of extrahepatic perfusion fluid. Most of the volume changes reported in this paper have been 
measured by more than one method. 


* Holt Research Fellow. + With a grant from the Medical Research Council. 
27 PHYSIO. CXXVIII 


= 
ag 
Ba? 
> 
3 
¥ 
7 
& 
4 
id 
. 
a 
on 
Af 
{ 


414 W. H. HORNER ANDREWS AND OTHERS 


Anaesthesia 
The more recent experiments were performed with thiopentone induction followed by ether | 
maintenance. A minimal amount of barbiturate was used. Earlier experiments were carried out. 


~ with pentobarbitone and ether used either in combination or alone. The results obtained after 


perfusion had been established appeared to be independent of the anaesthetic used, but the use of 
pentobarbitone appeared to diminish the chances of obtaining a good preparation possibly because 
of depression of respiration prior to the start of artificial respiration. 


Perfusion fluid 
Most of the experiments were performed with homologous heparinized blood, taken from the 
animal at the time of operation, and diluted with a solution of 3% polyvinylpyrrolidone in Ringer- 
Locke solution (NaCl, 0-85 g, KCl, 0-042 g, CaCl,, 0-025 g, NaHCO,, 0-02 g, distilled water 100 ml.). 
The degree of dilution of blood depended on the amount of blood obtained from the animal but 
the perfusion fluid usually contained 10-15 g haemoglobin per cent. Heparin was added to the 
outflow cannula and allowed to flow down the outflow tube just before cannulating the thoracic 


inferior vena cava. 
Operative technique 

This is also described in detail elsewhere (Andrews, 1953). After opening both thorax and 
abdomen a cannula was introduced into the thoracic inferior vena cava just above the diaphragm 
pointing towards the liver and blood was allowed to drain via the outflow der to the oxygenator: 
from there it was pumped to the constant-level reservoir. Immediately afterwards the portal vein 
was cannulated and the perfusion started, using the dog’s own oxygenated blood. The hepatic 
artery was then cannulated and all arterial branches tied excepting those to the liver. The inferior 


vena cava was clamped below the liver, and the liver was arranged in as natural a position as = 


possible. The operative technique from the skin incision to the insertion of the last cannula could 
be completed in less than 8 min. 


GENERAL 

It was frequently possible to perfuse isolated canine livers for several hours 
without development of marked resistance to the flow of blood through the 
liver, and the outflow could therefore be kept constant without raising inflow 
pressures to unphysiological values. In one experiment, for example, small 
amounts (i.e. 1-3 yg) of adrenaline were injected about every 15 min. Over a 
period of 5 hr the response to adrenaline remained consistent, there was no 
variation in the blood flow (other than that occurring immediately after 
adrenaline administration), and the liver remained uncongested. Usually, 
however, after a preparation had been perfused for an hour or more some 
increase of resistance to the flow of blood began to occur, and progressed 
steadily: this was often associated with the repeated injection of substances 
under investigation. The majority of the experiments were terminated after _ 
about 3 hr. 

In earlier experiments, congestion of the liver frequently occurred soon after 
beginning the perfusion, and was associated with development of resistance 
to the passage of blood through the liver. Some of the factors which produced 
the congestion have been determined: 

(1) Insufficient washing of the apparatus. In one experiment it was 
found that the ‘washings’ in Ringer-Locke solution of perfusion tubing 
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which had previously been inadequately cleaned possessed vasoconstrictor 
properties. 

(2) Obstruction of the blood supply to the liver and trauma to the intestines. 
Unless careful operative technique was used the liver became congested. It 
was found that if laparotomy was performed, the portal vein compressed and 
the abdominal viscera handled for 2-3 min the liver became congested in the 
absence of further operative measures. 

(3) Use of donor blood. When donor blood was used it was taken prior to 
_ perfusion of the liver and during the interval between bleeding and perfusing 
the formation of vasoconstrictor substances apparently took place. These 
substances were also found to be present in blood taken from the same animal 
and either allowed to stagnate for 10-15 min, or haemolysed by freezing and 
thawing with carbon dioxide snow. 

There was some variation in vascular response from liver to liver. The 
variation appeared to be largely independent of the operative technique and 
may be due to variation in the state of animals prior to anaesthesia. Variations 
were especially noted in the hepatic artery. In some livers the artery was 
dilated at the beginning of the perfusion, allowing a large flow at compara- 
tively low pressures, whilst in others it appeared much more constricted and 
the flow, even at higher pressures was considerably less. Because of this 
variation the proportion of arterial inflow to total outflow differed from liver 
to liver, but in the majority of experiments, with pressures of 8-10 cm H,O 
portal and 90/100 mm Hg arterial, the artery provided 20-30% of the total 
flow. 

Discussion of general results 

An increased resistance to blood flow readily occurs in isolated canine livers. 
Bauer et al. (1932) found that, in their experiments, resistance to both portal 
venous and hepatic arterial inflow increased fairly rapidly after about 20 min 
from the beginning of the perfusion. In their experiments the circulation 
through the liver was completely arrested for 10 min or more while the liver 
vessels were being cannulated ; they also used defibrinated blood from a donor 
animal. Some early increase in resistance is commonly reported and McMichael 
(1932), taking perhaps an extreme view, stated: ‘in perfusion experiments on 
the isolated liver it is well known that after about half an hour the pressure in 
the portal vein must be raised to a level comparable to that in the hepatic 
artery in order to maintain a flow through the organ’. Chakravarti & Tripod 
(1940) also noted the increase of resistance and reduced it by continuous 
addition of adrenaline to the perfusion fluid and by using lungs instead of an 
oxygenator. 

Having determined some of the factors which can produce resistance to 
intrahepatic blood flow it became possible to perfuse livers and to obtain con- 


sistent results for far —— periods than those reported by other observers. 
27-2 
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The resistance was largely due to constriction of the hepatic veins (Bauer 
et al. 1932; Andrews & Maegraith, 1951), and responses to drugs (especially 
adrenaline and L-noradrenaline) varied considerably according to the degree of 
constriction existing in the hepatic veins at the time of drug administration. 
In previous reports (Andrews, 1951; Andrews & Maegraith, 1951) the terms 
‘red’ and ‘blue’ have been used to denote respectively the condition of livers 
which appeared to be physiologically normal and livers in which hepatic 
venous constriction had developed. Livers in the fully-developed ‘blue state’ 
were congested, dark and swollen, and the total blood flow through them at 
physiological pressures was much reduced. 


Interpretation of responses 
Variations in inflow. The portal venous inflow was supplied from a constant- 
level reservoir, and variations in rate of flow were therefore reflected by 
changes of the (measured) inflow pressure. Mechanical obstruction of blood 
flow produced by pressure on either the portal or the hepatic veins resulted in 
a rise of the measured portal pressure, a coincident decrease of liver volume 


occurring when the portal vein was obstructed and an increase when the © 


hepatic vein was obstructed. It has therefore been assumed that variations in 
the resistance to flow offered by the portal and hepatic venous trees produced 
variations of the portal pressure. The portal pressure was also affected by the 
hepatic arterial flow. An increase of arterial flow, due either to increasing the 
stroke of the arterial pump or to reducing arterial resistance by drugs, raised 
the portal pressure, presumably in part by increasing the amount of blood 
passing through direct arteriovenous anastomoses (Wakim & Mann, 1942). 
But variations of arterial flow had a more profound effect on portal pressure 


when the liver was congested than when it was not, and it appeared that when 


the hepatic veins were constricted the artery was largely responsible for main- 
taining a high intrahepatic pressure and consequently a high portal pressure. 
Changes of portal venous pressure cannot therefore be interpreted without 
consideration of coincident changes in other vessels and of liver volume. 

On the other hand, hepatic arterial pressure was influenced to a much smaller 
extent by changes of pressure and flow within the portal and hepatic venous 
trees: measured changes of arterial pressure gave therefore a good indication 
of changes within the arterial tree itself. The statement by Schwiegk (1932) 
that mechanical decrease of portal venous inflow may increase arterial flow by 
50-100% could not be confirmed in the present experiments. 

Changes of arterial inflow were therefore almost entirely due to changes in 
the arterial vessels themselves, but changes in the portal inflow reflected not 
only changes within the portal vessels themselves but also alterations in the 
hepatic artery and hepatic vein. There was consequently sometimes difficulty 
in interpreting changes of portal pressure. In such cases account was taken of 
changes in liver volume, reactions obtained after the arterial flow had been 
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stopped, and reactions obtained when the'circulation was reversed, i.e. with 
the inflow through the hepatic vein and the outflow through the portal vein, 
with or without an arterial flow. In this way it could eventually be determined 
with some degree of certainty whether or not a drug influenced the portal 
venous tree directly. 

Variations of outflow. The rate of outflow was measured directly. A diminu- 
tion of outflow was considered to be due to obstruction of flow through the 
liver, the site being deduced from the coincident volume change. An increase 
of outflow, if prolonged, was considered to be due to dilatation of vessels, — 
volume and inflow changes giving an indication of where dilatation occurred. 
A temporary increase of outflow was less easily interpreted, and apparently 
could arise either when dilatation of the hepatic venous tree was accompanied 
by constriction of the inflow végsels, or when there was a temporary narrowing 
of the hepatic venous tree, blood being squeezed out of the main hepatic 
venous vessels. 

Volume changes. It has been assumed that variations of the volume of the 
liver were due largely to the amount of blood in the sinusoids (Bauer e¢ al. 
1932). An increase in volume could, for example, be produced by an increased 
inflow or a decreased outflow, or by both. 

When the circulation was reversed, however, and the inflow was through the 
hepatic veins this interpretation of volume change did not always appear to 
be correct. Addition of starch granules to the perfusion fluid now produced a 
decrease of blood flow and an increase of volume, whereas when the circulation 
was in the correct direction starch granules produced a decrease of both blood 
flow and volume. Histological examination of the preparations perfused in the 
reverse direction showed that the starch was mainly in the central veins, and 
it appeared, therefore, that closure of the small radicles of the hepatic vein 
(Deysach, 1941; Andrews, Hecker, Maegraith & Ritchie, 19536) could cause 
an increase of liver volume. 

All the volume changes, with the exception of those with the circulation 
reversed, have been determined by at least two methods. Those obtained with 
the circulation reversed were measured by the ‘funnel’ method, and’ it was 
found that the position of the ‘funnel’, i.e. either on the liver edge or over the 
main vessels, did not alter the response qualitatively. 


ADRENALINE 
The amounts of adrenaline used varied between 0-1 and 10-0 yg, being usually 
0-5-5-0 ug. Exceptionally, greater amounts were used. 


Results 
Adrenaline injected into the hepatic artery. The circulation was in the normal 
direction; 200 injections were made in fifty-four preparations (see Table 1). 
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The portal venous inflow in fresh ‘red’ preparations was always reduced, 
the effect being less than when the same amount of adrenaline was injected 
into the portal vein itself. Where hepatic congestion was already present 
(‘blue’ preparations) the inflow was almost invariably reduced but after about 
a minute it increased to beyond its former rate. Occasionally, when the liver 
was very congested, there was an increase in portal venous inflow without any 


preceding reduction. 


Fig. 1. Adrenaline (2 yg) injected into hepatic artery. Liver in red state, PI, portal venous inflow 
(the fall in recording indicates a decrease of flow and an increase of pressure); HO, hepatic 
venous outflow; LV, liver volume; HP, hepatic arterial pressure. Time signal in min. 


The hepatic venous outflow was reduced when the reaction of the portal 
vein was brisk and marked constriction of the hepatic vein was not already 
present. A varying time after the beginning of a perfusion adrenaline often 
produced a transient increase in outflow followed by a decrease: in these 
preparations a certain amount of congestion was present. In definitely con- 
gested preparations (blue state) the predominant effect of adrenaline, excepting 
in large doses, was that of increase of hepatic venous outflow. From the 
macroscopical appearance of the liver it was frequently possible to forecast 
which type of reaction would occur. 

The liver volume either increased or decreased in response to adrenaline. In 
earlier experiments, especially when donor blood was used as the perfusion 
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‘Fig. 2 Fig. 3 
Fig. 2. Acetylcholine (10 yg) and adrenaline (10 yg) injected into hepatic artery. Liver in red 
state. 1, acetylcholine; 2, adrenaline. 


Fig. 3. Adrenaline (2-5 ug) and noradrenaline (2-5 ug) injected into hepatic artery. Liver in blue 
state. 1, adrenaline; 2, noradrenaline. 


TaBLe I. Adrenaline injected as single dose into either hepatic artery or portal vein : 


Responses 
Portal Hepatic Hepatic 
Vessel venous venous Liver arterial 
State of liver injected inflow outflow volume inflow 
Red (early in perfusion) Hepaticartery { 
( then  ) 
Blue (late in perfusion) Hepatic artery 
(tthen|) (then |) 
Portal vein | then + 


A decrease of flow or volume is indicated by | , and an increase by + . The commonest reactions 
are placed first: responses occasionally obtained are placed in brackets. Yet other responses were 
obtained on a few occasions only but have been omitted for clarity. Size of individual doses; 
0-2-10 pg. 
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fluid, a decrease of volume occurred. Later, when the technique was greatly 
improved, and when homologous blood was used, an increase of volume was 
noted, even with amounts as small as 1 yg of adrenaline. It has occasionally 
been possible to vary the volume response by altering the dose of adrenaline, 
larger doses producing an increase in volume, smaller doses a decrease of 
volume. | 

The arterial inflow was diminished by adrenaline, a minimum of 0-1-1 yg 
being required. 

Occasionally the constriction of the artery due to adrenaline was followed by 
a short period of dilatation before the pre-existing state of tone was regained. 

Adrenaline injected into the portal vein. The circulation was in the normal 
direction; ninety-one injections were made in oe preparations 
(Table 1). 

The portal venous inflow was always reduced in fresh preparations, the 
effect. being greater than when the same amount of adrenaline was injected 
into the hepatic artery. In the ‘blue’ state the flow was first reduced and then 
in the majority of preparations increased, the increase being less than that 
produced by a similar arterial injection. Even when the liver was very con- 
gested the increase of inflow was almost always preceded by a decrease. 

The hepatic venous outflow usually decreased in fresh preparations, though 
in some the reduction in outflow was preceded by an increase lasting 10—15 sec. 
- Occasionally only an increase, lasting 10-15 sec was recorded in preparations 
which appeared to be in excellent condition, Later in the experiment, if the 
‘blue’ state supervened, a more prolonged increase in outflow was recorded 
with doses of up to 5 ug; but large doses, e.g. 15-20 ug frequently produced a 
decrease of outflow. 

The liver volume was almost invariably diminished with moderate doses. 
Huge doses, e.g. 25 ug, sometimes produced an increase of volume in the ‘blue’ 
state; this dosage was never used in the ‘red’ state. 

The arterial flow was usually diminished, but less so than when the ams was 
injected directly into the artery. 

Adrenaline injected into the hepatic vein. The circulation was in the reverse 
direction and the artery occluded; fifty-one injections were made in twelve 
preparations (Table 2). 

The hepatic venous inflow was either decreased or increased according to 
the size of dose and the state of the liver vessels. Small doses of adrenaline, 
1.e. 0-5-1-0 ug produced an increase of inflow in the ‘blue’ state, but a decrease, 
or no reaction, in the ‘red’ state. Large doses always produced a decrease, 
which usually took place in two stages, the second stage coinciding with an 
increase of liver volume. 

The portal venous outflow was either increased or decreased according to the 
size of dose and state of the liver vessels. 
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Fig. 5 

Fig. 4. Adrenaline (5 ug) injected into portal vein, Liver in red state. The response was unusual 
and is discussed in the text. | 

Fig. 5. Adrenaline and noradrenaline injected into hepatic vein. Liver in blue state. Circulation 
reversed and artery clamped. 1 and 3, 0-5 and 6-0 yg, respectively, adrenaline; 2, 1-0 pg 
noradrenaline. HI, hepatic venous inflow; PO, portal venous outflow; LV, liver volume. 


TaBLE 2. Adrenaline injected into the hepatic veins, the circulation being reversed, and the 
arterial flow occluded. For key, see Table 1 


Responses 
Hepatic Portal 
State of liver Size of dose venous inflow venous outflow Liver volume 
Red Up to 2 yg 
il 
5 wg and over + 
Up to 2 ug t RG t 
Blue (usually slight) 
5 ug and over 
| then + } then 


* The hepatic venous inflow usually fell in two stages, the second corresponding to an increase 
in liver volume, and a fall in portal venous outflow. 
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The liver volume response varied. Large doses of 5 ug produced an increase 
and in the ‘blue’ state an amount of 2 yg or less usually produced an increase 
also. Intermediate doses produced consistent changes in the same — : 
but the nature of the response varied from liver to liver. : 


Interpretation of adrenaline results 
Action on the artery. Adrenaline produced constriction of the hepatic artery : 


the constriction was, on rare occasions, followed by a period of dilatation. The 
reaction could be repeated in a single preparation for several hours, but the 


response usually diminished with time. 
Action on the portal vein. Adrenaline produced constriction of the portal 


vein. In blue livers the constrictor response became greatly diminished. 


Action on the hepatic venous tree. The response varied with the amount of 


adrenaline given and on the state of constriction of the vein. Amounts of 5 pg 


and over produced constriction which was often followed by dilatation after 


about 30 sec, the latter reaction possibly being due to continued circulation of 


small amounts of adrenaline. Small amounts (i.e. 0-25-2-0 wg) dilated the vein 
if it was already constricted and usually constricted the vein if it was not 


already constricted. 


Discussion of adrenaline results 
The results obtained by many workers (Bauer et al. 1932; Chakravarti & 
Tripod, 1940; Mautner & Pick, 1915; Baer & Réssler, 1926; Lampe & Méhes, 


1927; Deysach, 1941; Riiegg, 1933) accord with the interpretations outlined 


above. 

There is very strong evidence that adrenaline produces constriction of the 
portal vein and hepatic artery, and that a temporary dilatation of the artery 
may follow the period of constriction. The present results suggest, however, 
that the only action of adrenaline on the portal vein is that of constriction. 

That adrenaline can constrict the hepatic venous tree in fresh preparations, 
or in large doses, is supported by several observations. After intra-arterial 
administration of the drug a rise in volume occurred even though the total 
inflow was reduced and an accumulation of blood within the liver took place. 
When the circulation through the liver was reversed adrenaline (in suitable 
dosage) injected into the hepatic vein produced a reduction of rate of inflow 
which was sometimes accompanied by a slight fall in volume; after about 
20 sec the inflow was further reduced and the volume increased. The first 
reduction of inflow rate appeared to be due to direct constrictor action on the 
hepatic venous tree, and the further reduction secondary to constriction of the 
portal venous tree. 

In Fig. 4 the response to ; inikapeatel adrenaline is unusual. The portal 
venous inflow was reduced, presumably by direct action on the portal vein: 
the hepatic veins appear to have constricted, producing an increase of outflow 
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(due to a ‘squeezing’ action) followed by a decrease. The volume decreased 
during the period of ‘squeezing’, but later increased as blood collected in the 
sinusoids. 

Dale and his co-workers (Bauer et al. 1932) found variations in the vascular 
responses of different livers. They attributed these variations to differences in 
tone of the various vessels, and believed that the tone of any one vessel could 
vary from preparation to preparation, and that the degree of tone in one vessel 
relative to the degree of tone in the others was not constant in different pre- 
parations. The present results support this conclusion, but it has been found 
that preparations in the red state usually responded in the same manner to 
adrenaline and noradrenaline, and that variations in response were more 
frequent as the liver became congested. 

Dale and his co-workers (Bauer et al. 1932) believe that there is normally 
obstruction to blood flow through the canine liver, and that either adrenaline 
or splanchnic nerve stimulation removes this obstruction. Their results support 
this conclusion, and they quote extensive literature which upholds their thesis. 
But both in their experiments and in those they quote the operative techniques 
appear to have disturbed the hepatic blood flow, and this alone would tend to — 
produce hepatic venous constriction. It may be that some degree of obstruc- 
tion to blood flow exists, from time to time, in the normal liver; there seems 
little doubt that it may arise in abnormal states (Maegraith & Findlay, 1944; 
Wiggers, Opdyke & Johnson, 1946; Maegraith, Andrews & Gall, 1947; Moon, 
1936). In these experiments, from the similarity of appearance of the liver 
before and after isolation it was concluded that, under the conditions obtaining, 


there was normally little impedance to hepatic blood flow. 


The livers in successful experiments in this series appeared the same bafoire 
and after the start of perfusion. There was no swelling and the colour did not 
darken. It is possible that the responses of these perfused organs were closer 
to those of the normal organ than have hitherto been obtained. 

In the ‘red’ state the degree of constriction of the hepatic veins was minimal, 
and the dilator effect of adrenaline was slight or unobtainable in preparations 
primarily set up with the circulation reversed. After administering other 
drugs, or at a later stage in a perfusion, the dilator effect of adrenaline could 
always be obtained. It appears, therefore, that the primary effect of adrenaline 
on the liver circulation is to reduce the blood supply. In the intact organ, 
however, systemic adrenaline may apparently lead to an increase of blood flow, 
possibly secondary to a rise in blood pressure or to vasomotor reflexes (Clark, 
1928; Bearn, Billing & Sherlock, 1951; Grayson & Johnson, 1953). In a few 
livers some dilatation of the hepatic veins due to adrenaline was apparent from 
the start of the experiment, even when the organ appeared to be in the red state. 

The volume and outflow changes produced by adrenaline in red livers 
frequently differed according to whether the drug was given via the hepatic 
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artery or the portal vein: this may be due to adrenaline producing constriction 
of different parts of the hepatic tree according to the route of administration. 
The somewhat irregular volume responses obtained when adrenaline is ad- 
ministered with the circulation reversed would appear to be due to differences 
of sensitivity to adrenaline of different-sized radicles of the hepatic venous 
tree. Some variation was also noted with acetylcholine i in peeperenots with 
the circulation reversed. 


L-NORADRENALINE 
Results 
t-Noradrenaline injected into the hepatic artery. The circulation was in the 
normal direction; fifty-three injections were made in nineteen preparations 
(Table 3). 


TaBie 3. t-Noradrenaline injected into either hepatic artery or portal vein. 
For key, see Table 1 
nses 


A. 


Portal Hepa 
State of liver Vessel injected venous inflow venous a Liver volume ial inflow 


then | + then | 
Portal vein | + then | | | 
Blue Hepatic artery | | 
| then + 
Portal vein | then + t } y 


The hepatic responses were almost identical with those obtained with 
adrenaline. An increase of hepatic venous outflow was more commonly 
obtained with noradrenaline than with adrenaline, and in only one-third of the 
livers did the former drug produce a decrease in outflow without producing a 
preliminary increase. An increase of liver volume was less commonly seen 
with noradrenaline than with adrenaline, and a decrease was noted in some 
preparations in which a corresponding amount of adrenaline caused an 
increase. 

L-Noradrenaline injected «nto the portal vein, The circulation was in the normal 
direction: thirty injections were made in thirteen preparations (Table 3). 

Again the responses obtained were similar to those of adrenaline. Anincrease 
of hepatic venous outflow was far more commonly obtained with noradrenaline, 
even when the liver appeared uncongested. A common response to noradrenaline 
obtained early after the start of a perfusion was an increase of hepatic venous 
outflow for about 20 sec which was followed by a decrease lasting about the 
same period or a little longer. The portal inflow decreased, and the arterial 
pressure was slightly raised. 

i-Noradrenaline injected into the hepatic vein, The circulation was in a 
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reverse direction and the artery clamped; twenty-five injections were made in 
nine preparations. 

The responses obtained were very similar to those recorded for adrenaline 
in Table 2. Small doses of noradrenaline produced a fall of inflow in fresh 
preparations only, perfused from the beginning in the reverse position; a rise 
of inflow was more usually obtained. The fall of inflow with amounts of 5 yg 
was often slight and transitory, and after about 15 sec was followed by a more 
prolonged rise. | 

Interpretation of u-noradrenaline results 

The effects of L-noradrenaline on the hepatic artery and portal vein appeared 
to be very similar to those of adrenaline although, weight for weight of the 
active base, the effects of adrenaline appeared slightly more marked and 
longer lasting. The action on the hepatic vein was in general similar to that of 
adrenaline, but the dilator effect of noradrenaline appeared to be somewhat 
more marked and the constrictor effect less evident than those of adrenaline. 


Discussion of L-noradrenaline results 
The work of Bearn e¢ al. (1951), and Grayson & Johnson (1953) indicates that 
in the intact animal noradrenaline is a more efficient constrictor of hepatic 
vessels than adrenaline. This relationship did not appear to apply to perfused 
livers. Both drugs slowed the inflow, adrenaline being slightly more efficient, 


but an increase of outflow, presumably due to draining of blood contained 


within the sinusoids, was more commonly obtained with noradrenaline. 


ACETYLCHOLINE 

Acetylcholine injected into the hepatic artery. The circulation was in the normal 
direction; 146 injections were made in forty-three preparations (Table 4). 

In the majority of experiments there was no change of arterial inflow, a 
diminution of portal inflow, a diminution of outflow and a rise in volume. This 
response was obtained with amounts of 0-25-15-0 ug or more. 

If the arterial resistance was raised, as by addition of adrenaline (0-1 yg 
per ml.) to the perfusion fluid, acetylcholine produced an increase of arterial 
inflow, a slight diminution of portal venous inflow, an increase of outflow and 
a rise in volume. This response was occasionally obtained without the addition 
of adrenaline in preparations in which there appeared to be a considerable 
degree of tone in the artery. Other arterio-dilator drugs, such as histamine 
and caffeine also produced arterial dilatation, but only in the preparations in 
which the tone was high, or after administration of adrenaline. When smaller 
amounts of circulating adrenaline were present acetylcholine produced an 
increased arterial flow, a decreased portal inflow, and a rise in volume, but the 
outflow was decreased, a result reported by Chakravarti & Tripod (1940). 
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Acetylcholine injected into the portal vein. The circulation was in the seme 
direction; forty-nine injections were made in twenty-nine prepecntions 
(Table 4). 

The usual effects of injecting acetylcholine were the same as those obtained 
by injecting it into the artery but 10 to 15 times the amount, or more, was 
required to produce an equal response. The effect on arterial flow and hepatic 
venous flow were found to vary according to the state of tone in the artery as 
described in the section above. 


Fig. 6. Acetylcholine (1-0 yg) injected into (1) hepatic artery and (2) portal vein. 
The arterial tone was high. 


Portal venous administration of acetylcholine in small amounts was usually 
without effect on the portal vein. In three preparations, sree we obtained 
a decrease in inflow, even when the artery was clamped. 

Andrews & Maegraith (1951) attributed the very much greater effect of 
acetylcholine on the hepatic venous tree when injected into the hepatic artery 
than when injected into the portal vein to a more rapid arterial flow and to 
destruction of acetylcholine by cholinesterases in the blood. This does not 
appear to be the case. 


In one liver 20 ug acetylcholine administered via the portal vein produced 
an effect on the hepatic veins equal to 1 ug administered via the artery. The 


blood used in the perfusion was diluted until it contained 2-9 g haemoglobin 
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Fig. 7. Acetylcholine and acetyl-8-methylcholine chloride injected into hepatic artery and portal 
vein, Arterial tone low, and portal vein exceptionally sensitive to these substances. 1 and 2, 
2-0 and 6-0 pg acetyl-8-methylcholine chloride into portal vein and hepatic artery respec- 
tively; 3, 1-0 yg acetylcholine into hepatic artery; 4 and 5, 1-0 and 10-0 yg respectively 
a into portal vein. 


Fig. 8. Acetylcholine (1-0 ug) injected into hepatic vein. ee 


TaBiE 4. Acetylcholine injected into either hepatic artery or portal vein, with a dosage of 


5 pg or less 
Responses 
State of artery Portal H 
(tone) Vessel injected venous inflow Liver volume 
Relaxed Hepatic artery 4 | + Nil 
Nil the Nil Nil 
Portal vein (+) 
Constricted Hepatic artery t t 
Portal vein | (slight) + (slight) t t 


Acetylcholine when injected into the portal vein in small amounts occasionally produced a 
decreased portal inflow without producing other measurable changes. 
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per cent, and it was found that the same ratio of 20 : 1 remained according to 
the vessel of administration. One ml. samples of the diluted blood were mixed 
with 5 yg acetylcholine and allowed to stand before injection into the artery. 
It was found that potency was retained for at least 2 min, and lost after 5. The 
blood was then drained from the perfusion circuit, and the liver washed through 
with 8 1. of Ringer-Locke solution. The liver was then perfused with the 
Ringer-Locke solution, and the ratio of 20: 1 remained virtually unchanged. 
The time taken for fluid to pass from the sites of injection to the hepatic venous 
cannula was estimated in this preparation, being approximately 3 sec when 
injected into the portal venous inflow and 1-9 sec when injected into the 2 see 
arterial inflow. 

The difference in effect of acetylcholine according to the route of adaninistre- 
tion did not therefore appear to be related to the destruction of acetylcholine 
by blood. | | 

Acetylcholine injected into the hepatic vein. The circulation was in a reverse — 
direction and the artery clamped; twenty-nine injections were made in twelve 
preparations. 

The inflow and outflow were invariably reduced. The volume fell in the 
of but occasionally rose. 


Interpretation of results with acetylcholine | 

Action on the hepatic artery. In the majority of the experiments acetylcholine 
was without effect. When arterial resistance was high, acetylcholine produced 
dilatation. 

._ Action on the coat vein. There appeared to be a weak constrictor action in 
some preparations: usually acetylcholine appeared to be without effect on the 
portal vein. It was possible that acetylcholine in large amounts frequently 
produced constriction of the portal vein, but in the majority of preparations 
this action (if present) was overshadowed by the action on the hepatic veins. 

Action on the hepatic vein, Acetylcholine constricted at least part of the 
hepatic venous tree. 


Discussion of acetylcholine results 

The action of acetylcholine in small amounts injected into the hepatic artery 
has been definitely and consistently present in these experiments, though 
Bauer et al. (1932) were able (with the exception of one experiment only) to 
note the arterio-dilator action only. 

By reversing the circulation it proved possible to show that acetylcholine 
constricted the hepatic venous tree, and in an experiment reported elsewhere 
it was demonstrated that smaller radicles may constrict (Andrews et al. 19535). 
Action on the portal vein did not appear to occur in the majority of the 
experiments reported here. After arterial injection the diminution of portal 
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inflow appeared to be largely secondary to hepatic venous constriction: direct 
action on the portal vein was only occasionally noted. When arterial tone was 
high, the increased arterial flow probably contributed to slowing the ose 
inflow. 

Chakravarti & Tripod (1940) itete: ‘When heeilioes are made early in 
the perfusion and when adrenaline is present in the blood, acetylcholine 
injected into the hepatic artery causes an expansion of liver volume probably 
due to increased arterial inflow ; the expansion of the liver diminishes the portal 
flow and the net effect on outflow is a diminution. The action of acetylcholine 
in causing diminished outflow and expansion of the liver cannot be regarded 
as a closure of the hepatic veins, since it does not occur when acetylcholine is 
injected into the portal cannula. When there is no portal flow the output is 
increased.’ 

These workers apparently overlooked the action of acetylcholine on the 
hepatic venous tree, for the effect of mechanically increasing arterial inflow is 
to increase hepatic venous outflow. 

After the administration of eserine, acetylcholine injected into. the portal 
vein has an effect comparable to that produced by a similar amount into the 
artery. It would therefore appear that the greater reactivity normally obtained 
after intra-arterial than after intraportal injection is due to destruction of 
acetylcholine after portal venous administration, whereas this does not appear 
to occur tothe same degree after arterial administration. The arterial flow to the 
hepatic venous tree is more rapid than portal venous flow, but the difference 
of time taken, though definite, appears negligible when considered against the 
time taken for destruction of acetylcholine by blood in vitro. Further, even 
after very great dilution of blood the differential effect of acetylcholine ac- 
cording to the route of administration remains virtually unaltered, These facts 
are strong evidence in favour of the thesis that hepatic arterial and portal 
venous blood do not necessarily follow identical pathways within the liver. 
It may be that all portal venous blood flows past parenchymal cells whereas 
some arterial blood can reach the hepatic veins through direct ‘shunts’. 

_ Acetyl-B-methylcholine chloride and carbaminoyl chloride. These substances 
gave reactions similar to, but longer lasting, than that produced by acetyl- 


_ choline; they proved almost as active when injected into the portal vein as 
- when injected into the hepatic artery, presumably because — are not 


readily destroyed by — esterases. 


HISTAMINE 
In preparations in which arterial tone was low, histamine gave results similar 
to those obtdined with acetylcholine with the exception that it proved almost 
equally effective when injected into either the portal vein or the artery. The 


effect on the hepatic veins (as shown by increase of volume and decrease of 
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outflow) was far more marked with histamine than with acetylcholine. There 
was no evidence of direct action on either the artery or portal vein unless 
arterial tone was high, when a dilator effect was apparent in the artery. The 
constrictor effect on the hepatic vein was sufficiently marked to decrease the 
outflow, even in the presence of an increased arterial flow (cf. acetylcholine). 


INTERACTION OF VARIOUS SUBSTANCES 


In this series of experiments the interaction of the various substances pre- 
viously mentioned was not studied in detail. Atropine itself usually had no 
effect but it abolished the effects of acetylcholine and similar substances. 
Ergotoxine inhibited the constrictor but not the dilator action of adrenaline, 
a finding also reported by Bauer e¢ al. (1932). ee 

The constriction of the hepatic artery due to adrenaline was found to be 
reduced by both acetylcholine and histamine. Injection of 5 wg of both acetyl- 
choline and adrenaline simultaneously into the hepatic artery produced almost 
no response, although each given separately gave typical reactions. Frequently 
intra-arterial adrenaline abolished the effect of acetylcholine (given 20 sec 
later) on the hepatic vein, but if the substances were given in the reverse order 
the effect of acetylcholine on the hepatic vein was followed by that of adrenaline 
(Andrews, Hecker, Maegraith & Ritchie, 1953a). In preparations with the 
circulation reversed adrenaline had no direct inhibitory effect on the action of 
acetylcholine on the hepatic veins. These results can be interpreted as evidence 
that adrenaline closes the ‘shunts’ between the hepatic artery and hepatic 
vein, thereby causing the acetylcholine to take an intra-sinusoidal course 
(Andrews & Maegraith, 1953). 

The constrictor effect of histamine on the hepatic vein was abolished or 
reduced by a subsequent injection of either adrenaline or L-noradrenaline. 

After administration of ergotoxine acetylcholine produced its usual effect 
on the hepatic vein but when given together with adrenaline an increase in 


overall liver flow occurred. 


DISCUSSION 


The object of these experiments was to determine the reactions of canine 
hepatic blood vessels to various physiologically active substances. Changes of 
portal inflow, arterial inflow, hepatic venous outflow and liver volume have 
been measured and interpreted in terms of reactions of individual vessels. 

The reactions to the drugs under study varied considerably according to the 
state of constriction of hepatic artery and hepatic vein at the time of injection 
of the substances, but it was possible to obtain consistent responses for each 
drug under a given set of conditions. 

Perfusion of the canine liver is not an easy procedure, and the results ob- 
tained by previous workers were modified by their techniques. 
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Mautner & Pick (1915, 1922), Baer & Rossler (1926), Clark (1928, 1930), and 
Deysach (1941) perfused through the portal vein only. 

Bodo & Marks (1928) developed a technique for isolation of the liver without 
stopping the arterial flow, but studied carbohydrate metabolism only. Staub 
(1931) modified the technique of Bodo.& Marks, but perfused with blood from 
species other than the dog, and was forced to maintain very high portal 
pressures to ensure a blood flow: he too was concerned only with metabolism. 


Fig. 9 | Fig. 10 
Fig. 9. Histamine (10 yg) injected into hepatic artery. (From an earlier experiment: arterial 
pressure measured with membrane manometer.) 
Fig. 10, Adrenaline (10 yg) and acetylcholine (10 yg) injected into hepatic artery. Liver not very 
reactive, but volume response to the two drugs differed (cf. Figs. 1 and 2). 1, adrenaline; 
2, acetylcholine; 3, after 10 sec by aa but given 


in reverse order. 


Tae Dy Histamine injected into the hepatic artery and portal vein. Doses of histamine 


A 


State of artery Portal Hepatic Hepatic 
(tone) Vessel injected venous inflow venous outflow Liver volume arterial i inflow 


Relaxed H artery : 
Ponel wile Nil 
Constricted H 
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Riiegg (1933) used Staub’s technique to study the action of adrenaline, and 
the amounts of adrenaline he employed (250-1000 jg) to obtain responses 
indicate the insensitivity of his preparations. 

Bauer et al. (1932) may be regarded as the founders of modern hepatic 
perfusion methods, but they used defibrinated donor blood (which presumably 
contained vasoconstrictor substances) and they allowed the liver to become 
completely ischaemic during the operative period. Chakravarti & Tripod 
(1940) used the method of Bauer et al. (1932), but included the lungs in the 
perfusion circuit, a procedure which — et al. considered to be of doubtful 
benefit. 

Nearly all these workers were handicapped by lack of a suitable anticoagulant. 

In the technique used in this series of experiments the liver was never devoid — 
of a blood supply; it was perfused with blood which was taken from the same 
animal and did not contain vasoconstrictor substances; and it was subjected 
to a minimum of trauma and handling. The surgery was simplified until the 
whole operation occupied less time than the duration of total ischaemia 
reported by Bauer e¢ al, (1932) and by Chakravarti & Tripod (1940). 

‘Bodo & Marks (1928) maintained an arterial flow through the pancreato- 
duodenal artery during the isolation of the liver. In earlier experiments we 
supplied the liver with blood via the splenic vein whilst the portal cannula was | 
being inserted : the liver blood supply was thus never less than 50% of normal, 
but there was no apparent advantage over the method now used, and a short 
period of relative ischaemia does not appear to alter the vascular reactions. 

The method used in these experiments of measuring hepatic volume changes _ 
appears to be valid since all the changes described in this paper have also been 
obtained when the liver was totally enclosed in a plethysmograph, with the 
exception of those obtained when the circulation was reversed. Volume changes 
were not measured by total plethysmography after reversing the circulation 
because the removal of air bubbles from the vertical outflow tube would 


necessitate a certain amount of trauma and anoxia. 


| SUMMARY 

1, An improved technique has been devised for perfusion of the canine liver, 
whereby the organ can be maintained in good condition for several hours. 

2. Adrenaline constricted the portal vein and hepatic artery. Its effect on 
the hepatic vein depended on the state of the hepatic vein and on the amount 
of adrenaline given. Large amounts produced constriction and small amounts 
either constriction or dilatation. 

3. L-Noradrenaline had a similar effect on the hepatic vessels as adrenaline, 
except that it apparently more often produced hepatic venous dilatation. 

4, Acetylcholine dilated the hepatic artery when it was constricted. It — 
regularly constricted the hepatic vein, and occasionally the portal vein. 
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5. The effect of acetylcholine on the hepatic vein was much more marked 
when the drug was injected into the artery than when injected into the portal 
vein. After addition of eserine to the perfusion fluid, acetylcholine produced 
the same effect on the hepatic vein whether injected into the hepatic artery or 
portal vein. 

6. Acetyl-B-methylcholine chloride and carbaminoyl chloride elicited the 
same response as acetylcholine, except that they were equally active when 
injected into either the hepatic artery or portal vein. 

7. Histamine dilated the hepatic artery when it was constricted. It regularly 
produced strong constriction within the hepatic venous tree. 

8. Adrenaline injected into the hepatic artery shortly before injection of 
acetylcholine frequently prevented the action of acetylcholine on the hepatic 
veins, Given in the reverse order, the effect of acetylcholine was later followed 
by that of adrenaline. 


The expenses of this work were largely defrayed by the John Holt Malaria Research Fund. We 


are indebted to Messrs May and Baker Ltd., for donating polyvinylpyrrolidone, Messrs Bayer 


Products Ltd., for donating L-noradrenaline and Messrs Evans Medical Supplies for donating the 
heparin used in these experiments. Dr H. Wilson, Department of Pharmacology, Liverpool 
University, kindly supplied standard solutions of drugs under study to test against our own. | 
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THE 5-HYDROXYTRYPTAMINE SHOCK IN THE GUINEA-PIG 
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From the Surgical Unit, University College Hospital Medical School, London 


(Received 28 July 1954) 


5-Hydroxytryptamine (enteramine, serotonin) has Letts shown to cause 
contraction of intestinal muscle in a number of species (Erspamer, 1952; Reid 
& Rand, 19524; Feldberg & Toh, 1953; Robertson, 1953; Sinha & West, 1953). 
It has a similar effect on the uterus (Erspamer, 1940; Gaddum, 1953; Reid & 
Rand, 1952a) and on the urinary bladder (Erspamer, 1952). As the substance 
is liberated from the platelets by the antigen-antibody reaction (Humphrey & 
Jaques, 1953), the possibility exists that it plays an essential part in anaphy- 


lactic shock. It seemed, therefore, of interest to investigate its action in the 


normal and in the sensitized guinea-pig. Some of the results of these investiga- 
tions have already been published (Herxheimer, 1953a, 5). 


METHOD 


The inhalation method was used because it provides direct contact between the inhaled substance 
and the principal shock organ of the guinea-pig, the bronchial mucosa. A 1% (w/v) solution 
of 5-hydtoxytryptamine creatinine sulphate in 5% glycerin was nebulized by compressed air 
at constant pressure through a commercial nebulizer and driven into the exposure chamber. 
The method was the same as that used to produce anaphylactic microshock (Herxheimer, 1952). 
When the chamber was filled, the animals were put in and watched for any signs of shock. If they 
showed severe dyspnoea, as is seen regularly in the development of histamine, acetylcholine 
or anaphylactic shock, the time required to reach convulsion point (the preconvulsion time, 
Herxheimer, 1952) was measured in seconds. 

In those experiments in which histamine or acetylcholine were used, these substances were 
prepared as 0-5 (w/v) histamine phosphate in 50% propylene glycol or as 0-25% (w/v) metha- 
choline in 50% propylene glycol. Anaphylactic sensitization was carried out by injecting intra- 
muscularly 0-7-0-8 ml. of a 5% (w/v) solution of crystalline egg albumin and exposing the animals 


_ 21 days later to an aerosol of the same solution. The severity of the sensitization (“microshock’) 


thus produced was measured, as before, by the length of the preconvulsion time. 


RESULTS 
General effects of 5-hydroxytryptamine (HT) inhalation and injection 
The animals show, without exception, the same symptoms as with histamine 
or methacholine or in anaphylactic shock. After 30 sec or a little later dysp- 
noea starts, some scratching of the nose may occur and possibly sneezing. Then 
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the dyspnoea becomes pronounced, and strong abdominal contractions are 
seen, with pronounced cyanosis of nose and ears. At this stage the animals 
must be removed from the chamber if histamine, methacholine or an antigen 
is used. Otherwise the experiment will quickly end with convulsions and death 
of the animal. With HT, however, death is rare, and convulsions do not always 
occur. If they do, they do not last long. The animal recovers from them and 


gets on its feet again, but severe dyspnoea and cyanosis persist and are still 


present when the exposure is brought to an end after 10-12 min; the animals 
then regain their normal appearance within 30-120 min. If the same experi- 
ment is repeated after 2-3 hr, the sequence of events is similar, but the symp- 
toms take longer to develop. Whilst at the first exposure the preconvulsion 
time is usually well under 150 sec, it is now 200-300 sec, and if the exposure is 
repeated after another 2 or 3 hr, it is still longer, possibly in the region of 600 
sec; the dyspnoea and cyanosis are not as pronounced as before. If exposures 
are repeated at daily instead of 2-3 hr intervals, the same increase of the pre- 
conyulsion time is observed, but it does not occur if the interval is 4—5 days or 
longer. There is not much doubt that. this is due to tolerance (or tachyphylazis), 
which develops quickly... 

- Ina few experiments 20-45 mg tt HT was injected peritoneally into guinea- 
pigs. Within a few minutes the animals started to tremble and became 
dyspnoeic, some severely. This condition passed off within 4-1 hr. The same 
happened when 20mg HT was injected intracardially, but the symptoms 
developed immediately. 


*..A number of substances were investigated for their possible antagonistic 


action : the antihistamines mepyramine and promethazine, dihydroergotamine, 
yohimbine (Shaw & Woolley, 1953), atropine and lysergic acid diethylamide 
(LSD). These substances were injected intramuscularly 1 hr before the animals 
were exposed to HT aerosol. Various combinations of atropine and LSD were 
also used. Some of the results are shown in Table 1, in which the increase of the 
preconvulsion time under the influence of the antagonistic drug has been 
compared with the normal HT preconvulsion time obtained before and after- 
wards, and expressed as a percentage of full protection (Armitage, esinseaumaal 
& Rosa, 1952). 

It will be seen that mepyramine (Neo-antergan, Merck) which has very little 
anti-acetylcholine activity, does not protect significantly against HT, whilst 
promethazine, which has a pronounced anti-acetylcholine as well as anti- 
histamine activity, does. Dihydroergotamine has little protective action, and 
only in large doses; yohimbine none. 

The only efficient antagonists found were atropine and LSD. A weak 
protective action is seen with atropine in one experiment with 0-16 mg/kg, with 
LSD with 0-005 mg/kg. Larger doses (0-65-1-3 mg/kg atropine and 0-05- 
0-2 mg/kg of LSD) give a high protection of about 60-75%. A further increase 
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in the dose of LSD (0-4 mg/kg) gave full protection in some animals, and a high 
protection in some others (mean 85%). With atropine, it seems as if the 
maximum protection has been reached with the higher doses used, as was seen 
previously in antihistamine protection against anaphylactic shock (Armitage 
et al. 1952). | 

Combined threshold doses of atropine (0-16 mg) and LSD. (0-005 mg) 
(doses which gave a minimum protection in some experiments and none in 
others) had no protective action. However, when slightly higher doses of both 


TaBLeE 1, Percentage protection to HT shock by atropine, LSD, antihistamines 


and dihydroergotamine 
(* Significant protection.) 
Dose No. of 
(mg) animals j+8.2. (9) 
Atropine 
0-16 23-4 + 7:4* 
0-16 3 -0-3 + 12:2 
0-32 5 40-2 + 5-0* 
0-32 5. 33-4 + 9-9* 
0-65 4 615 + 2-6* 
1-3 6 72-2 + 8-8* 
1-3 5 35-6 + 
13 6 68-0 + 2-3* 
LSD 
0-001 6 ‘7 +18-0 
0-005 5 24:8 + 
0-005 5 -20 + 9-9 
0-01 6 35-2 + 9-3* 
0-01 4 48-5 +168 
0-01 5 78 +138 
0-02 6 60-5 +17-1* 
0-05 6 70-2 + 6-8* 
0-1 5 68-2 + 7:3* 
0-2 6 77-6. + 2-7* 
0-4 7 86-0 + 5-1* 
0-4 7 84-6 + 2-7* 
Mepyramine 
1-0 5 27-2 +105 
Promethazine 
1-0 4 60-5 + 6-0* 
3-0 | 5 68-0 + 6-2* 
Dihydroergotamine 
0-8 5 39-0 421-8 
40 | 6 28-7 +10-7* 
LSD + Atropine | 
0-005 + 0-16 6 13 + 7:3 
0-005 +0-16 7 2-4 
0-01 +0-16 4 36-75 + 28-8 
0-01 +0-32 5 60-0 + 5°7* 
0-01 5 55-6 + 6-6* 
0-01 +0-65 5 65-2 +11-7* 
0-05 +0-32 2 33-0 437-0 
0-05 +0-65 ie 68-4 + 8-6* . 
0-1 +0-65 5 84-8 + 8-2* 
0-2 +0-65 4 97-754 2-25* 
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substances were combined which separately gave a definite protection of 
30-48%, the combination gave a protection of 55-60%. Large doses of both 
substances (0:2 mg LSD +-0-65 mg atropine) gave an almost 100% protection. 
This shows that the protective action of these two substances is probably addi- 
tive. If both are combined, a degree of protection is reached which is higher 
than if each of them is used singly. There is certainly no ‘potentiation’, as 
otherwise some protection would have resulted from the combination of sub- 
threshold doses. LSD was also given in large doses (0-1 and 0-2 mg/kg) before 
anaphylactic microshock. It had no protective effect whatsoever. 


Action of HT in man 
It has been reported that 1% HT aerosol did not cause bronchial spasm in 
normal subjects, but in some asthmatic patients (Herxheimer, 19536). 
Brocklehurst (1953) did not see any spastic effect of HT on the isolated 
bronchus of non-asthmatic subjects. As it was suspected that the acidity of the 
HT solution might have an irritant effect on the bronchial mucosa of asthmatic 


patients, a buffered HT solution with a pH of 7-0 was tried. This did not cause 


asthmatic attacks in three patients, one of whom experienced an attack with 
an unbuffered solution. In guinea-pig experiments no difference between the 
action of buffered and unbuffered HT aerosol was found. 


The mutual effect of HT tolerance and desensitization to anaphylactic shock 

In the present experiments it has been shown that tolerance to HT can 
easily be achieved by several exposures following each other at short intervals. 
By the same method tolerance to anaphylactic shock can be achieved in animals 
previously sensitized to an antigen (Herxheimer, 1952). This is called de- 
sensitization. Both desensitization to an antigen and tolerance to HT are 
reversible, The former sensitivity is restored within 4-7 days if the animals are 
not exposed again. 

The similarity of both processes suggested a similar mechanism. It was 
therefore investigated whether tolerance to HT influences anaphylactic shock 
caused by egg albumin, and whether desensitization to egg albumin influences 
HT sensitivity. For this purpose the preconvulsion time for HT of 5 groups of 
2-6 guinea-pigs and also their preconvulsion times in anaphylactic microshock 
were determined in 2-3 experiments. The animals were then, by repeated 
exposures, made tolerant to either HT or to anaphylactic microshock. As 
soon as this was achieved, those made tolerant to HT were shocked with egg 
albumin aerosol, and those desensitized to egg albumin were exposed to HT 
aerosol. The artificial production of tolerance did not prove equally easy in all 
experiments. In some (Figs. 2, 5) it can be seen that several days of repeated 
exposures were needed to achieve a high level of tolerance or desensitization. 
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| Fig. 1 | ‘ 

Fig. 1. Mean of preconvulsion times of six guinea-pigs. Repeated exposures to egg albumin 
aerosol during 3 consecutive days have led to desensitization on the 6th day of the experiment 
(——). The HT preconvulsion times have increased and decreased simultaneously (—- -). 

Fig. 2. Mean of results from five guinea-pigs. Repeated exposures to HT aerosol during 6 con- 
secutive days have led to tolerance on the 7th day of the experiment (— — -). The egg albumin 
preconvulsion times have increased and decreased simultaneously (——). 


0 10 20 30 40 50 

| Days 

. Fig. 3. Mean of results from four guinea-pigs. Repeated exposures to HT aerosol during 4 con- 
secutive days have led to tolerance on the 5th day of the experiment (- - -). The egg albumin 
preconvulsion times have increased and decreased simultaneously (——). The ACh times 
have increased and decreased more slowly(-----). 
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The results show a mutual effect of both procedures: HT tolerance was 
accompanied by desensitization to egg albumin (Figs. 2-4), and desensitization 
by HT tolerance (Figs. 1, 5). When after 4~7 days the HT tolerance had dis- 
appeared or the animals had resensitized, the corresponding desensitization or 
HT tolerance had also disappeared. These changes occurred with great regu- 
larity and, although the graphs represent the mean preconvulsion times of a 
number of animals, there was not a single animal in the same group which did 
not show the same trend. In the experiment shown in Fig. 5 the guinea-pigs 
were made tolerant to HT twice. In the first instance the response of the 
sensitivity to egg albumin was pronounced, in the second it was present but 
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Fig. 4. Mean for ten guinea-pigs. Repeated exposures to HT aerosol before and on the 35th and 
48th day respectively have led to tolerance (— - -). The egg albumin preconvulsion times have 
increased and decreased in the first of the two experiments simultaneously with the HT 
preconvulsion times, In the second experiment this reaction is less pronounced (——-). The 
ACh preconvulsion times have been followed only during the first experiment ( —ta ). 


weak. The increase in the preconvulsion time to egg albumin on the 27th day is 
believed to be caused by the HT exposure on the preceding night. 

The next step was to investigate whether histamine or acetylcholine (ACh) 
shock would be influenced by HT tolerance or desensitization to anaphylactic 
shock. In preliminary experiments it had been found that repeated exposure 
to histamine aerosol caused an increase in the preconvulsion time to this 
substance, if the exposures were repeated daily over a long period. The increase 
was somewhat erratic: the preconvulsion times showed a great scatter, and a 
definite increase would become visible only after some weeks. With ACh such 
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an increase could not be produced even after many weeks’ exposure, and the 
fluctuation of the preconvulsion times was even greater than with histamine. 

The influence of HT tolerance and of desensitization on ACh preconvulsion 
time is shown in Figs. 3-6. In all experiments the times increase considerably, 
and in five of the six experiments the increase, after having reached its peak, 
takes a long time to return to normal. In four experiments (Figs. 3, 6) the base 
value has not been reached after about 2 and 3 months, when the experiment 


800 


Fig. 5. Mean of four guinea-pigs, Repeated exposures to egg albumin from the 14th to the 22nd 
day of the experiment have led to desensitization (——-). The HT preconvulsion times have 
increased and decreased simultaneously with the egg albumin times (---). ow ane wanes 
have increased later and decreased more slowly (--—--). 


was discontinued. The ACh preconvulsion times therefore take a much longer 
time to return to normal than is required by HT tolerance or anaphylactic 
desensitization to disappear. It seems also that the increase in ACh preconvul- 
sion times takes longer to develop than HT tolerance and desensitization to 
egg albumin. In one experiment (Fig. 5) the ACh preconvulsion time is still 
normal when desensitization is near its peak and increases only later. In three 
other experiments (Fig. 6) ACh tolerance is still increasing at a time when 
the HT or egg albumin times have returned or would have returned to near 
normal, 
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Two other experiments in which HT tolerance had the same effect are not 
included in the figures. A similar effect of egg albumin tolerance on histamine 
preconvulsion time was seen in one experiment. Four other attempts to repro- 


duce this effect, partly with HT tolerance, partly with egg albumin tolerance, 


have failed. | | 
300 
250 
E 200 
0 10 20 30 40 50 60 70 80 | 9 10 ~ 


Days 

Fig. 6. Three different experiments. On the day marked by arrow desensitization to egg albumin 
(ten guinea-pigs, ——) and tolerance to HT (twelve guinea-pigs, ... . ; or sixteen guinea-pigs, 
~~~) have reached maximum, The curves represent the preconvulsion times to ACh of these 
three groups after desensitization and tolerance respectively have been reached. 


DISCUSSION 

The only obvious effects of HT in the present experiments concern the respira- 
tion. As numerous observers have found HT to cause contraction of smooth 
muscle, it appears likely that the dyspnoea is caused by the contraction of the 
bronchial muscles. This view is supported by the observation that very similar 
symptoms are seen with histamine or ACh inhalation, where bronchial con- 
striction is known to be the cause of the dyspnoea. The evidence, however, 
cannot be regarded as complete without histological pictures of the lungs of 
guinea-pigs in HT shock. In the dog, Douglas & Toh (1953) observed respiratory 
stimulation after HT was given intravenously. As their spirometric records 
show an increase of respiratory volume, and as bronchial obstruction, at least 
in man, causes a decrease of respiratory volume (Herxheimer, unpublished 
observations), it is unlikely that in their experiments HT caused bronchial 
spasm. In the cat, Reid & Rand (19526) have observed broncho-constriction 
after intravenous injection of 22ug of HT. 

Tolerance to HT (tachyphylaxis) on isolated organs has been observed before 
(Reid & Rand, 1952a, 6; Freyburger, Graham, Rapport, Seay, Govier, Swoap 
& van der Brook, 1952; Sinha & West, 1953; Gaddum, 1953; Rocha e Silva, 
Valle & Picarelli, 1953; Gaddum & Hameed, 1954). It should be noted that 
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tolerance to HT and to the egg antigen can be established easily and within the 
same period, but that tolerance to histamine is difficult, and to ACh almost 
impossible to achieve by the same method. 

The antagonistic effect of atropine has been noted by Page (1952), Rocha e 
Silva et al. (1953), Robertson (1953) and others; that of lysergic acid diethyl- 
amide by Gaddum (1953). The antagonistic action of atropine to HT is much 
weaker than to ACh, against which small amounts give full protection. The 
action of atropine in anaphylactic microshock is still weaker than that in HT 
shock. Armitage e al. (1952) found, for instance, the percentage protection 
given by 0-32 mg/kg atropine in anaphylactic microshock 15%, i.e. negligible, 
and that of 1-3 mg/kg 44%, whilst in the present experiments the protection 
against HT, calculated in the same way, was 37 and 58 % respectively at these 
dose levels. 

The strongly antagonistic action of LSD to HT is, weight for weight, about 
tenfold that of atropine. If HT were an essential element in the causation of 
anaphylactic shock, one would expect LSD to give some protection against it. 
As there is no evidence of any protection, HT cannot be a direct or main cause 
of the symptoms of anaphylactic shock. 

With this evidence in mind it is difficult to interpret the relationship iki 
HT tolerance and anaphylactic sensitivity which has become apparent in later 
experiments. In repeated experiments tolerance to HT has increased tolerance 
to anaphylaxis, and vice versa. Moreover, increased HT tolerance has in every 
case also increased tolerance to ACh. The reverse could not be shown as we did 
not succeed in making animals tolerant to ACh. There is also a difference in the 
time relations. Whereas HT tolerance and anaphylactic sensitivity increase and 
decrease at about the same time, the increase of ACh tolerance appears to lag 
behind and returns to normal much later than HT and egg tolerance. The fact 
that HT tolerance causes ACh tolerance and anaphylactic desensitization, 
that the latter causes HT tolerance and ACh tolerance, and that atropine 
antagonizes all three kinds of shock, although to different degrees, suggests a 
close biological relationship of these processes, possibly a factor common to the 
_ three kinds of shock. Such a common factor might be a new substance which is 
formed, or another, naturally-occurring substance which is formed in excess 
in the course of the antigen-antibody reaction and also by the HT action, and 
which has an anti-acetylcholine activity. It seems hardly permissible to 
speculate further, but it will be necessary to investigate whether tolerance to 
other substances can be produced with similar effects. 


SUMMARY 

1. 5-Hydroxytryptamine (HT) aerosol’ causes a shock syndrome in the 
guinea-pig similar to that caused by anaphylaxis, histamine and acetylcholine. 
Tolerance to this effect develops quickly, and fatal HT shock is rare. 
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2, The strongest antagonists to HT were lysergic acid diethylamide (LSD) 
and atropine. The antihistamine mepyramine, and yohimbine had no antago- 
nistic action, dihydroergotamine a weak one. | 

3. LSD had no protective effect in anaphylactic shock. The protective 
effect of atropine in anaphylactic shock was weaker than in HT shock. 

4, When guinea-pigs actively sensitized to egg albumin were desensitized 
by repeated exposure to the antigen, their tolerance to HT increased. When 
they were resensitized, their tolerance to HT fell to the previous value. 


- Conversely, if guinea-pigs were made tolerant to HT, they became less sensitive 


to egg albumin. When they lost their tolerance to HT, their previous sensitivity 
to egg albumin returned. ) 
5. Development of tolerance to HT and desensitization to egg albumin both 
caused tolerance to acetylcholine. This tolerance developed slowly and lasted 
longer than the tolerance to HT and the desensitization to egg albumin. 


This work was partly assisted by a personal grant from the Medical Research Council and by a 
grant for technical assistance from the Asthma Research Council. I am also obliged to Dr P. 
Armitage for the statistical analysis of the figures, to Dr R. K. Richards, of Abbotts Laboratories, 
North Chicago, for the supply of hydroxytryptamine, and to Messrs Sandoz for the supply of 
lysergic acid diethylamide. 


Note added in proof 

In recent experiments it has been found that nicotine sulphate aerosol caused a shock 
syndrome similar to that caused by HT. Tolerance developed after repeated exposure and, at 
the same time, desensitization to anaphylaxis developed, as with HT. Conversely desensitiza- 
tion to anaphylaxis also caused tolerance to nicotine. 
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REANIMATION OF ADULT RATS FROM BODY 
TEMPERATURES BETWEEN o AND +2°C 
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A wide variety of isolated mammalian cells and tissues survive cooling to and 
storage at Oto +5°C (Smith, 1954; Parkes, 1954). By contrast, intact adult non- 
hibernating mammals are sensitive to moderate reduction in body temperature. 
The lowest temperature ever recorded from a human being who subsequently 
recovered is 18°C (Laufman, 1951). The lethal body temperatures for mammals 
of several species have been determined, and 15°C is the generally accepted 
lethal level for adult rats (Adolph, 1948). Heart beats have been recorded, 
however, from rats cooled to 8-12° C (Kayser & Hiebel, 1952). Rats with body 
temperatures between 15 and 20°C are in a state of cold narcosis in which 
hypophysectomy and other major operations can be performed (Giaja & 
Andjus, 1949). In dogs and men, body temperatures below 25° C are usually 
regarded as unsafe for surgical anaesthesia because of the risk of ventricular 
fibrillation and cardiac arrest (Swan, Zeavin, Holmes & Montgomery, 1953; 
Bigelow, Callaghan & Hopps, 1950; Lynn, Melrose, Churchill-Davidson & 
McMillan, 1954). In recent years research has been concentrated on studying 
the effects of cooling mammals to body temperatures between 15 and 30° C. 
Comparatively little attention has been devoted to reanimating animals with 
_ temperatures below 15° C or after cessation of breathing and heart beat. This 
problem is of theoretical interest; when solved it might have practical 
applications to resuscitating accidentally cooled subjects and should facilitate 
the use of hypothermia for anaesthesia in cardiac surgery and in other opera- 
tions which are difficult to perform at higher temperatures (Juvenelle, Norberg, 
Lind, Bergstrand & Wegelius, 1953). There is already a good deal of experi- 
mental evidence which indicates that revival of adult animals with body 
temperatures approaching 0° C is not impossible even after comparatively long 
periods without respiration or heart beat. As long ago as 1917 Winterstein 
cooled guinea-pigs and rabbits until heart beat and breathing had stopped, 


* Of the Faculty of Science, University of Belgrade. 
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and when their body temperatures reached 6-11° C he resuscitated them by 
centripetal intra-arterial injection of adrenaline in hot Ringer’s solution, 
followed by artificial respiration. In every instance, however, the animals 
thus revived succumbed shortly afterwards. Similar treatment of a guinea-pig 
cooled to 0° © resulted in transitory restoration of heart beat only. More 
recently, Lutz (1950) found that a small proportion of guinea-pigs with body 
temperatures close to 0° C could be resuscitated by immersion in hot baths 
(about 45° C) to rewarm the whole body. Only 9% of the animals so treated 
survived for more than a few days. 

During the last few years remarkable results have been obtained from dogs 
cooled by circulating their blood through a refrigerating system outside the 
- body. Delorme (1952), who was one of the pioneers with this technique, 
cooled dogs to body temperatures between 22 and 26°C. Juvenelle and his 
colleagues succeeded in lowering the body temperature of dogs to 9° C by 
pumping the blood through a circuit of this kind and back into the cardio- 
vascular system. When the blood was rewarmed the body temperature rose 
and normal cardiac rhythm was restored in spite of ventricular fibrillation 
which, in some experiments, lasted several hours (Juvenelle, Lind & Wegelius, 
1954). Gollan (1954) also used extra-corporeal cooling, oxygenation and 
rewarming of the blood, and revived dogs from body temperatures as low as 
_ 0°C and after cardiac arrest of 1 hr. It is important to note that, in these 
experiments on dogs, oxygenated blood was pumped continuously into the 
vascular system during the period of cardiac arrest or during ventricular 
fibrillation. | 

So far as we know, hypothermia has never been induced in rodents by 
cooling the blood stream in an external circuit, but only by exposing the intact 
body to cold air or cold water. Similarly, rewarming has usually been per- 
formed by transferring the cold animal to a warm environment. The possibility 
of re-establishing spontaneous heart beats and natural circulation in ice-cold 
rats without operative intervention, by heating the chest wall overlying the 
heart before rewarming the whole body, has already been investigated by one 
of us (Andjus, 19514, b). Rats cooled to 1° C were kept with heart and breathing 
at a standstill and without natural or artificial circulation for periods up to 
1} hr. The heart beat was re-initiated by heating the praecordium locally, and 
artificial respiration was given. Spontaneous breathing was resumed in the 
majority of animals when the colonic temperature reached approximately 
15° C and after the neck had been heated. Only then were the reanimated 
rats transferred to a warm bath. A high proportion of animals succumbed, 
either during the process of warming the whole body or within a few hours or 
days of regaining normal body temperature and reflex and voluntary activity ; 
few survived for longer periods (Andjus, 1951a, 6). Jaulmes and Richard have 
followed the technique of Andjus, but although they only cooled their rats to 
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4° C, all died within 48 hr of reanimation (see Laborit, 1953). Nevertheless, 
these results were encouraging because they showed that heart beat and 
breathing could be re-established and full recovery obtained, if only tempor- 
arily, without either circulating warm aerated blood artificially or raising the 
temperature of the whole body rapidly from 0°C. Rapid rewarming which was 
at one time thought to be essential (Weltz, Wendt & Ruppin, 1942) would, in 
practice, be difficult to achieve with larger animals or humans (Edholm, 1952). 

The failures in reanimating rats and the high mortality after initial success 
might have resulted from irreversible damage during cooling. Onthe other hand, 
they might have been due to imperfections in the various procedures hitherto 
used for reanimation. We therefore set out to investigate alternative methods 
for applying heat locally to the cardiac area of hypothermic rats with body 
temperatures between 0 and 2° C and with arrested circulation and respiration. 
Recently we demonstrated a new technique (Andjus & Smith, 1954), by means 
of which the percentage of rats revived was much higher and the incidence of 
delayed deaths much lower than could have been obtained by previous 
methods. 

The object of this paper is to describe in detail the modifications of Andjus’s 
original method used by us and also the new technique and apparatus. The 
results of 112 experiments on different rats will be described, together with 
observations on fifty-eight survivors of these experiments which have been 
kept and observed for periods varying from 66 to 630 days. 


METHODS 
Animals | 

The rats were young adults of the Medical Research Council’s hooded strain bred and reared at 
Mill Hill. They were fed on the stock diet, no. 41 (Bruce & Parkes, 1949). The animals were 
weighed immediately before the experiment and ranged between 90 and 250g, the majority 
being between 120 and 200 g. Those which survived hypothermia were weighed daily for at 
least 2 weeks, then weekly for 4 weeks, and monthly thereafter. The oestrous cycles of females 
were studied by examining vaginal smears daily for 10 days before cooling, and, in survivors, for 
4 successive weeks thereafter. They were then paired for 3 weeks with normal males, Four to six 
weeks after the experiment each resuscitated male was mated and left with three normal females 
for 3 weeks. The experimental animals were then separated and 4 weeks later those without 
progeny were remated to normal animals. Some of the fertile experimental males and females 
were mated together in pairs. 

The food and water intakes of ten rats were measured daily for 2 weeks after revival from 
hypothermia. These animals had drinking bottles both of 1% NaCl and of water. 


Apparatus 

jars had metal screw-on lids and were not completely airtight. The 1} 1. Kilner jars were closed 
with a rubber washer and either a glass lid or the bakelite sampling tops previously described 
(Smith, Emmens & Parkes, 1947); the lid was secured by a metal screw-band and was effectively 
airtight. The closed vessels were put in a domestic refrigerator running at about +5° C. 

Gas sampling and analysis. Samples of residual air were taken into Brodie sampling bottles and 
their O, and CO, content estimated by the method and apparatus of Scholander (Scholander, 
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1947). Oxygen consumption was measured by a slight modification of the method and apparatus 
described by Giaja (1953). 

_ Receptacles for ice. In the second stage of cooling, rats were placed singly in melting ice in glass 
dishes (9 x 4x 2 in.) surrounded by crushed ice in an enamel tray (12 x 18 x 5 in.). 

Temperature recording. Body temperature was measured either by a mercury thermometer or 
by a thermocouple inserted into the colon so that its tip was 5 cm from the anus. The thermo- 
meters were graduated from 0 to +60°C, with the zero reading 8 cm from the tip. In some 
experiments a thermocouple was passed approximately 5 cm into the oesophagus so that its 
tip lay adjacent to the heart. In corpses intrathoracic temperature was recorded from a thermo- 
couple inserted so that its tip lay anterion to the heart. 

The thermocouples were of t ichrome twin laid wire (36 s.w.g.) and were protected 
by narrow polythene tubing. They were connected in series to a reference thermocouple kept at 
a constant temperature of +38° C by a Sunvic cold junction thermostat (Type CJI). The e.m.f. 
developed was measured with a potentiometer using a spot galvanometer as a null-point indicator. 

Artificial respiration. During resuscitation, air was insufflated into the lungs by means of 
single-hand bellows, through a — tube 1 cm in diameter, applied to the nostrils. 


Apparatus for local rewarming 

The metal spatula consisted of a steel plate (2-8 x 2-4 cm and 0-8 mm thick) brazed on to a steel 
handle. 

The source of the beam of light was a 115 V/300 W tubular projector lamp (Ediswan Type Al/37, 
single centre contact). Its peak emission was at 9000 A. The voltage supply and intensity of light 
and heat emitted were adjusted by means of a variable transformer. The lamp was supported 
vertically so that its cap was 3 in. and its painted tip 7 in. above the operating platform. The tip 
projected through the central aperture of a parabolic lamp reflector, 5 in: diameter across the rim. 
This reflector brought the beam of light to a focus 1 in. above the platform (Fig. 1). 

The operating platform consisted of a perforated zinc top (12 x6 in.), mounted on a frame 
(Fig. 1). 

A pear-shaped duralite shield (10 in. eek 4in, max. width, 2 in. min. width) was supported 
1} in. above the platform. The shield was perforated by a circular aperture 2} in. from the broad 
end. The aperture was so arranged that the beam of light passed through it (Fig. 1). 


Apparatus for general rewarming 

An electrically heated thermostatically controlled water-bath (18 x 7 x 8 in.) was fitted with a 
perforated zine shelf on which the rat was placed supine with its abdomen and thorax 
submerged and its nose and mouth protruding above the water-level. A double-doored Hearson 
incubator was thermostatically controlled so that, with the glass door open a crack and the 
wooden door ajar, it maintained an internal temperature of 28-32° C. 


Warm cupboard for convalescent animals | : 

Two shelves of an animal house rack were encased in insulating boards (} in. thick) leaving 
a 2in. gap for air entry along the entire length of the base. Six doors were fitted in front and 
a pair of 2 ft, tubular heaters (40 W each) and a Sunvic air thermostat were installed. A domestic 
fan geared to run at low speed was placed at one end separated from the heaters by an aluminium 


- baffle. The well-ventilated cupboard thus formed held twelve cages for five rats at an air tempera- 
ture of 29° C (+3°). | 


Procedures 
Observations on heart beat and respiration ‘ 


The cardiac impulse transmitted to the praecordium, the jugular pulse and the respiratory 
movements were observed visually. Results of electrocardiography will be reported elsewhere. 
Arterial blood pressure 

Arterial blood pressure was recorded in heparinized rats by means of a syringe needle or 
polythene cannula inserted into the carotid artery and connected to a mercury manometer. 


va 

4 

7 
frag 
nu 
¥ 
& 
4 
5 
Re 
| 
a 
de 
4, 


450 R. K. ANDJUS AND AUDREY U. SMITH 


Blood samples 

Blood samples for chemical analysis were withdrawn from the jugular vein of animals in the 
second stage of surgical anaesthesia with body temperatures at or below 18° C. Blood sugar was 
estimated by the method of Hagedorn and Jensen, and inorganic phosphorus by the procedure 
described by King (1946). Blood counts:were made on blood withdrawn from the tail. 


Fig. 1. The projection lamp and set-up for local rewarming. 


Procedure for cooling and reanimation 

First stage of cooling. The rats were enclosed singly in vessels and placed in the refrigerator 
(+65° C approx.) for 14-24 hr. They were examined at intervals without opening the jars. When 
they appeared flaccid and lethargic and approaching a state of anaesthesia samples of the residual 
air were taken for analysis. The animals were then removed from the vessels and examined. The 
rate and rhythm of heart beat and breathing were noted and reflexes were examined. The presence 
of a corneal reflex at this stage was regarded as essential in animals which were to be cooled further. 
A thermometer or thermocouple was inserted into the colon and the deep body temperature 
recorded. The rats were thoroughly wetted with ice-cold water to expel the insulating layer of air 
enmeshed in the fur. They were then immersed in dishes of melting ice and buried under crushed 
ice so that only the nostrils, the tail and the graduated part of the thermometer protruded. 
Unless otherwise stated, they were left under ice for exactly 1 hr from the time the colonic 
temperature reached 15° C and for approximately 40 min after it had reached 6° C. 

Reanimation. Stage I : local rewarming of the cardiac area of the chest. The animals were taken out 
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of the ice with body temperatures ranging between 0 and 1:8°C. The praecordium was then 
rewarmed by one of the following methods: 

(a) Application of the hot metal spatula, The spatula was heated in a Bunsen flame for about 
30 sec, or until sufficiently hot to make steam rise from a moist surface. It was applied to the 
left side of the chest wall anterior to the heart. The fur on the heated area was kept wet. At first 
the spatula was applied as often as 20 times per min. As soon as a heart beat was seen air was 
insufflated into the lungs at the approximate rate of five puffs every 30 sec. Artificial respiration 
was given in such & way that the chest wall rose and fell slightly more than in normal respiration 
and so that a small volume of air entered the stomach. Local rewarming was continued when not 
insufflating. When a regular cardiac rhythm had been re-established the hot spatula was applied 
less frequently. Heating was discontinued when the heart rate was increasing spontaneously. 


TaBiz 1A, Procedure for rewarming with the beam of light 


Praecordium Remove shield. Continue until colonic 
temperature reaches 11-5° C 
Front of neck Sin 


Back of neck Pat 

Praecordium tinue heating the praecordium un 
16° 0 and 
respiration is regular 


TaBLE 1B. Modified procedure for rewarming with the beam of light 


| 


Duration 
ofexposure Variac setting 
(min) (V) Site of heating Notes 
1 90 Praecordium 
um ntinue heating ium unti 
colonic temperature reaches 10° C 

1 50 Front of neck — 

1 50 Back of neck — 

1 50 Front of neck _ 
30 Continue heating the praecordium until 


colonic temperature reaches 15° C and 
respiration is regular 
The frequency of insufflation was then increased to 30 to 60 per min. When the colonic tempera- 
ture had reached 10-11° C the neck was heated for about 1 min under the hot tap with water at 
40-45° C, Artificial respiration was resumed until the animal took a spontaneous breath and was 
continued until the breathing was regular in rhythm and increasing in rate. 

(b) Focusing a beam of light. The rats were placed supine on the operating platform under the 
duralite shield and arranged so that the beam of light passing through the aperture was focused 
on to the praecordium. The intensity of the light and heat was controlled by altering the variac 
setting (see Table 1A, B). Air was continuously insufflated into the lungs at the rate of 30 to 60 
puffs per min with occasional 15 sec intervals to observe and count heart beats and to remoisten 
the fur. When the colonic temperature reached 10-12° C the position of the animal was shifted 
and the neck was heated front and back under the light beam. Artificial respiration and local 
heating of the chest was then resumed until the rate breathed spontaneously. Insufflation was 
discontinued when the rhythm of natural breathing was regular and the rate steadily increasing. 
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Reanimation. Stage 11: Rewarming the whole body. The rats were laid supine in the water-bath 
at +37°C with the head supported. Artificial respiration was administered if the breathing 
flagged and the animals were supervised to prevent them from shifting their position and drowning. 
As soon as they could turn over and maintain normal posture they were dried and transferred to 
the incubator at +28-32° C. 1-6 hr later they were moved to the warm cupboard in the animal 
house to convalesce for the next 3-4 days..- | 


RESULTS 
Observations during the first stage of cooling 
The rats enclosed in vessels at 5° C moved around actively for 30-60 min, then 


settled quietly. After 90-150 min, depending on the size of the jar, they 
became flaccid and lethargic with colonic temperatures at or below 20° C. 


TaBLE 2. White blood cell counts of rats with normal body temperatures and at the 


end of stage I of cooling 
Total no. leucocytes per mm? 
Body temperature 
Rat no. "Normal 15-18° 

1 9,000 1,000 
2 9,000 2,200 
3 11,000 3,000 
4 5,600 

5 7,000 3,200 
6 5,400 2,200 
7 9,600 400 
8 6,600 200 
9 8,400 1,000 


TaBLE 3. Analysis of residual air in closed vessels at the end of stage I of cooling 


Colonic 
Body weight temperature 
Rat no (g) (°C) % Or % CO, 
GA 5 136 20-7 2-8 16-4 
GA7 148 20-3 3-4 15°6 
GA 8 156 19-5 2-7 16-6 
GA 9 150 20-4 2-2 16-0 
GA 10 156 19-8 3-0 16-6 
GA 11 161 18-5 2-4 16-3 


The oxygen consumption of three rats with temperatures between 18 and 
20° C was measured. It had fallen below 600 c.c./kg/hr. The blood-sugar con- 
centration of thirty hypothermic rats was determined towards the end of the 
first stage of cooling. It had risen to between 142 and 356 mg % with a mean 
value of 255 mg%. Plasma inorganic phosphorus was raised to a mean value 
of 12-5mg%. Blood counts on nine animals showed a leucopenia (Table 2). 
These findings confirmed results previously obtained in Belgrade on albino 
rats cooled in this way (Stefanovi¢, 1952). 

Twelve animals were enclosed in airtight vessels (capacity 14 1.). Samples of 
residual air were taken after 90-100 min when the animals had become limp 
and unconscious, but were breathing deeply. Analysis showed that the oxygen 
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content had fallen to between 2:2 and 3-4% and that the carbon dioxide 
content had risen to between 15-6 and 16-6% (see Table 3). Six of these 
animals were left at room temperature after removal from the closed vessels; 
they all recovered without treatment of any kind. The other six were trans- 
ferred from the jar to icy water and cooled to body temperatures between 
0-5 and 15°C; when subsequently rewarmed by the beam of light, three 
revived completely (vide infra, pp. 465, 466). 

When removed from the closed vessels the animals with body temperatures 
at or below 20-5° C were in the second stage of surgical anaesthesia with deep 
regular respiration and active corneal reflexes. A stable state of hypothermic 
anaesthesia was, however, not maintained unless they were cooled to and kept 
at body temperatures between 15 and 18° C. In this range anoxia and hyper- 
capnia were no longer necessary or desirable and rats, whether they were to 
be cooled further, or kept at 15° C, or rewarmed at once, were all allowed to 
breathe atmospheric air. Rats cooled to body temperatures as low as 15° C 
and then left at an ambient temperature of 20° C rewarmed spontaneously and 
regained reflexes and consciousness (see Fig. 8B and p. 458). They suffered no 
apparent after-effects. 

The majority of animals were studied during chilling to and revival from 
lower temperatures. 


Observations during the second stage of cooling 

The colonic temperature of rats transferred from closed vessels to icy water 
reached 15° C within approximately 5 min. 

Below 15° C exponential curves were obtained by plotting time against 
colonic temperature (see Fig. 2). In typical experiments the colonic tempera- 
ture passed from 15 to 6° C in 15-25 min, and from 6° to about 1° C during the 
subsequent 35 to 45 min. 

Regular respiration generally ceased within a few minutes of covering with 
melting ice. Occasionally isolated gasps were given by animals with body 
temperatures as low as 10° C (cf. Andjus, 1953). 

The arterial blood pressure of five rats was recorded during the ‘anes stage 
of cooling. It showed a definite rise of about 10 mm Hg when the rats were 
immersed in icy water and a fail within the next 2-5 min from approximately 
80 mm to below 10 mm Hg. The pulse pressure was relatively high and the 
last irregular heart beats were well seen in the tracings (Fig. 3). 

The heart rate slowed suddenly at body temperatures between 10 and 13° C 
and the last beat was usually recorded at or above 8° C. Rarely, isolated or 
coupled beats separated by intervals of 1-2 min were observed or recorded at 
colonic temperatures as low as 56° C, 15-30 min after immersion in ice. Loss 
of sinus rhythm, extrasystoles, heart block and other abnormalities have been 
recorded and are reported elsewhere (Donzelot, Milovanovich & Andjus, 1953). 
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The majority of the rats cooled by the method described were without 
respiration for 60 min and without apparent heart beats for 40-50 min. 
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Fig. 2. The fall in thoracic and abdominal temperature of a rat in stage IT of cooling, 
recorded from thermocouples. @, Colonic temperature; O, oesophageal temperature. 


Observations during local heating of the cardiac area 

The rate of rise of intrathoracic and colonic temperatures was first studied 
in four dead rats which had been cooled to 0° in ice. When the praecordium 
was heated intermittently with the spatula the temperature recorded from the 
thermocouple on the anterior surface of the heart reached 6° C in 1 min, 13° C 
in 2:min, and 25° C in 4 min. The maximum temperature reached in 10 min 
was 28° C (Fig. 5). 

When the praecordium of ice-cold corpses was heated by the beam of light, 
following the procedure shown in Table 1 A, the temperature on the surface of 
the heart rose even more steeply than in the previous experiment so that 
13-5° C was reached in 1 min, 24° C in 2 min, and 39° C in 5 min (Fig. 5). 

There was little difference in the rate of rise of colonic temperatures in 
corpses heated by the two methods (Fig. 5). 

The intrathoracic temperature of six experimental animals was recorded 
from a thermocouple in the oesophagus during local heating with the beam of 
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light. A typical record is shown in Fig. 6. The temperature rose gradually at 
first, reaching 3° C after 3 min heating. It then rose steeply, reaching 11° C 
_ during the next 3 min. Thereafter the oesophageal temperature rose gradually, 


Fig. 3. Kymograph tracing of arterial blood pressure during stage II of cooling. The 
corresponding colonic temperatures in °C are written below the time scale. 


Fig. 4. Kymograph tracing of arterial blood pressure during rewarming with the beam of 
light. The corresponding colonic temperatures in °C are written below the time scale. 


and after 25 min heating had reached 21° C. The temperature in the colon rose 
less rapidly then in the oesophagus (Fig. 6). The rate of rise increased suddenly 
_ after the 11th min presumably because of restoration of a circulation of warm 
blood. 
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Fig. 5. The rise in intrathoracic and colonic temperature of rat corpses during local heating 
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of the praecordium with the spatula (@) and with the beam of light (0). 
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Fig. 6. The rise in intrathoracic and colonic temperature of a living rat during local 
heating of the praecordium with the beam of light. @, Intrathoracic; O, colonic. 
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The experiments on corpses and on rats during reanimation are not com- 
parable because the recording thermocouples were differently situated in the 
thorax. Thé thermocouple inserted through the chest wall of corpses lay 
anterior to the heart and registered a maximum intrathoracic temperature 
during the local heating of the praecordium. The thermocouple in the oeso- 
phagus of the experimental animals lay behind the heart at a depth too great 
to be penetrated by the light and heat impinging on the chest wall. It probably 
recorded the minimum intrathoracic temperature. 

The first cardiac impulse transmitted to the chest wall was generally seen 
between 2 and 10 min after local application of the spatula had started (Fig. 7). 


Heart beats not sufficiently forceful to move the praecordium may, of course, 


have occurred sooner. In rats heated by the beam of light the position of the 
18 
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Fig. 7. The time and temperature at which the first visible cardiac impulse and the first 
spontaneous breath occurred in twenty-one different rats cooled to 0-2° C and reanimated 
by local warming of the praecordium with the metal spatula, @, first heart beat seen; 
O, first spontaneous breath. 


shield prevented a good view of the left side of the chest. By the time the 
shield was moved aside at the end of 10 min (Table 1) the heart was usually 
beating steadily 30-70 times per min and the jugular pulse could often be seen. 

Spontaneous breathing was imminent when artificial respiration elicited 
weak reflex responses of the thoracic musculature and when there was slight 
resistance to insufflation of air -_ a tendency to maintain the Te 
position. 

There was no difficulty in seeing the animal take its first breath, which was 
generally between 18 and 30min after the start of resuscitation, and when the 
body temperature lay between 12 and 17° C (Fig. 7). Rats heated under the 
lamp tended to take their first breath at a slightly lower temperature and to 
resume a regular respiratory rhythm and to be independent of artificial 
respiration sooner than those heated with the spatula. 
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The rise in arterial blood pressure during rewarming the cardiac area with 
the beam of light was studied in five animals. A typical tracing is reproduced 
in Fig. 4. The first isolated heart beats produced visible pulsations on the 
tracing, but had little influence on the blood-pressure level, which showed 
no change during the first 4 min of rewarming. Between the 8th and 
14th min the heart rate increased and the pressure rose steeply to 100 mm Hg; 
it fell gradually to 80 mm, and maintained this level from the 18th min 
onwards. 

At the end of the first stage of reanimation by either method rats were still 
limp and unconscious, with dilated pupils and without corneal or other 
reflexes. They were breathing spontaneously but not with a regular rhythm. 
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Fig. 8. The oxygen consumption and colonic temperature of two rats left at room temperature 
(+20°C). (A) Previously cooled to +2° C and rewarmed to 15° C; (B) previously cooled to 
a colonic temperature of 15°C, @, oxygen consumption; ---~-, colonic temperature. 


The heart rate was between 60 and 100 beats per min, and the colonic tempera- 
ture was 15-20°C. In this state, they were still incapable of spontaneous 
recovery and, if left unattended on the bench, their body temperature failed 
to rise above the ambient temperature, and their rate of oxygen consumption 
remained at the low level of 100-200 c.c./kg/hr (see Fig. 8A). For this reason 
further active treatment was necessary and was carried out by rewarming the 
whole body by immersion in a water-bath at 37° C. : , 
By contrast, rats previously cooled to colonic temperatures not lower than 
15° C recovered without treatment when left at room temperature. Their 
oxygen consumption and body temperature rose spontaneously. Charac- 
teristic curves are given in Fig. 8B, and show that the oxygen consumption 


reached @ maximum at a body temperature slightly above 30° C and then 
decreased to the normal level. 
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Observations during the second stage of rewarming 


Respiration usually became regular soon after immersion in the warm bath 
when the body temperature had risen to about 25° C. Thereafter the rate of 
respiration increased considerably, and above 30° C was sometimes faster than 
normal. 

The pupils constricted when the animals had rewarmed to 20° C or iP 
The corneal reflex could be elicited again at body temperatures ranging from 
28 to 35° C. 

The forelimbs seoovered sensitivity, muscle tone and response to direct and 
indirect stimuli sooner than the hindlimbs. The first sign of recovery in the 
back legs was when pinching the feet caused reflex changes in respiration and 
reflex movements of head, jaws and front legs. The hindlimbs remained flaccid 
and motionless for many minutes thereafter, although there were spontaneous 
movements of the jaws, eyelids and head. 

Righting reflexes were not regained until the body temperature was over 
_ 30° C. The rats were then removed from the bath, dried and transferred to the 
incubator at 28-32°C, At first. they had difficulty in maintaining normal 
posture and crawled around, staggering, tumbling and righting themselves. 
Later they sat motionless in a normal attitude.. Many animals at this stage 
showed signs of thirst and drank when water or saline was presented to them, 
but they seldom moved in search of a container. It was rare for them to take 
food during the first 2~3 hr after transfer to the incubator. During the same 
period the body temperature continued to rise until the normal level was 
reached. The animals were not at first able to maintain a normal body 
temperature at ambient temperatures below 28° C. They were therefore trans- 
ferred to the warm cupboard in the animal house to convalesce until normal 
thermo-regulation was regained. | 


Revival of hypothermic rats by the spatula technique 

Table 4 summarizes the fate of twenty-five rats which had been cooled 
as described to body temperatures between 0-8 and 1-8° C and were treated by 
heating the praecordium with the hot metal spatula and by giving artificial 
Tespiration. 

The heart resumed beating in all the animals, but in four a regular rhythm 
was not established and the heart stopped beating within 10-30 min. In four 
other animals a regular cardiac rhythm was resumed for a short period but 
they died during the first stage of rewarming without taking a breath. | 

Seventeen of the twenty-five rats started to breathe spontaneously. Three 
of these failed to regain a regular respiratory rhythm. Six animals which had 
been breathing regularly died during the second stage of rewarming in the 
_ water-bath. The corneal reflex had been elicited from four of these, and skin 
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sensitivity and muscular activity was demonstrated in three before they 
succumbed. | 

Eleven rats regained righting reflexes, but one died within an hour of transfer 
to the incubator. Five others survived more than 4 hr but less than 18 hr, and 
were found dead in the warm cupboard next morning. Only five of the twenty- 
five rats in this series survived more than 24 hr. All these animals were 
observed for 66 days or longer after reanimation. After the first 2 days of 
convalescence they appeared to be in good condition apart from second degree 
burns on the praecordium. Their growth and breeding performance are | 
described below. | 


~ ‘Tanuz 4, Revival of rats with colonic temperatures 0-8-1-8° C by the spatula technique 


Series RWJ* | | 
Total number of rats 25 
Extent of reanimation : 

No signs of life 

Irregular heart beats for <30 min 

Regular heart beats. No spontaneous bomstning. Dead within 1 hr 

Spontaneous breathing. No reflexes. Died in the 37° C bath 
within 2 br 

Reflexes recovered. Died within 1 hr in the incubator 

Apparently cg recovery. Dead within 24 hr 

Survived more than 66 days 


* The rats in this series ranged in weight from 130 to 190 g on the day of the experiment. 


These results were obtained by an inexperienced operator (A. U. 8.) after 
collaborating in twelve experiments, The results were similar to those of an 
experienced worker (R. A.), using the same technique to reanimate rats in 
Belgrade and at Mill Hill. 


Revival of hypothermic rats by the beam of light 

The beam of light from a projection lamp was next tested as a means of 
heating the praecordium. In preliminary trials, twelve rats with body 
temperatures between 0 and 2° C were used. Success limited to restoration of 
heart beat resulted from discontinuous periods of intense illumination or from 
gentle continuous heating. The thirteenth rat was successfully reanimated by 
the scheme shown in Table 1A. A series of twenty-five rats which had been 
kept, as before, with body temperatures below 15° C for 1 hr and until 
0-6-1-2° C was reached were then rewarmed in this way. The results are given 
in Table 5. In two rats a cardiac impulse was not seen, but may have been 
obscured by the shield, In seven others the cardiac rhythm never became — 
regular and ceased within 30min. In a tenth animal the rhythm became 
regular for 10-min before flagging and failing. The other fifteen animals all 
regained spontaneous regular respiration, muscle tone, reflexes and conscious- 
ness. Of these, four survived at least 5 hr but succumbed overnight, whereas 
eleven survived and have been studied for 66 days or longer after reanimation. 
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All these animals had local burns on the chest, which healed in about 3 weeks. 
The proportion of long-term survivors in this experiment was 44%, as com- 
pared with 20% obtained by local heating with the spatula. 

The amount of illumination was then increased and a second scheme was 
followed (see ‘Table 1B). The results are shown in Table 6. In two of the 
twenty-five animals, heart beats were not seen. Three regained a regular 
cardiac rhythm but never breathed spontaneously. The remaining twenty 


TaBxE 5. Revival of rats with body temperatures 0-6-1-2° C by the beam of light 
(Procedure as in Table 1 A) 
Series REL* 


Total number of rats 
Extent of reanimation : 
No signs of life 
Irregular heart beats for <30 min | 
Regular heart beats. No spontaneous brea . Dead within 1 hr 
Spontaneous breathing. No reflexes. Died in the 37° C bath 
Apparently complete iE Died within 24 br 
urvived more 


The iin his om 127 to 153 g on the day of the experiment. 


TABLE 6. Revival of rats wth body temperatures 0-6 to 2° C hy the beam of light 
(Procedure as in Table 1B) : 
Series RA* : 
Total number of rats 
Extent of reanimation: 
No signs of life 
Irregular heart beats for <30 min_—_. 
Regular heart beats. No spontaneous brea . Dead within 1 hr 
Spontaneous breathing. No reflexes. Died in e 37° C bath 
Apparently complete recovery. Dead within 24 hr 
Died between the 4th and 10th day 
Survived more than 66 days 


* The rats in this experiment ranged in weight from 180 to Vas asiesthea dasha nnaataniial 


& 


bo 


resumed regular breathing, and nineteen regained reflex and spontaneous 
muscular activity. After 24 hr there were nineteen survivors, but on the 
4th and 9th days respectively there was a casualty. The seventeen remaining 
rats in this series have been kept and studied for 100 days or more since 
reanimation. In this series the modified method of warming the praecordium 
with the beam of light resulted in full revival of 76 % of the rats and long-term 
survival of 68%. In subsequent experiments a survival rate of 75% has been 
maintained. Delayed deaths were rare in spite of burns on the chest. 


Post-mortem studtes 

Rats were abandoned during attempted reanimation if no heart beat had 
been seen by the time the body temperature had reached 11-0° C or if at any 
time the cardiac impulse was not seen for 10 min. Autopsies were then carried 
out immediately. Rats which succumbed before a regular cardiac rhythm had 


been established or before spontaneous breathing was resumed often showed 
30 PHYSIO. CXXVIII 
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no special features at autopsy. Occasionally the ventricles were still beating 
weakly though at a slower rate than the auricles. In four of the casualties in 
the REL series (Table 5) the ventricles appeared to be fibrillating. In other 
animals, the auricles were beating but not the ventricles, and in these the 
venae cavae were distended. Other animals including another four from 
Table 5, had froth and mucus in the nostrils, larynx, trachea and bronchi. 

Animals which died during rewarming the whole body in the water-bath did 
not appear to have heart-block or ventricular fibrillation. In some instances 
the lungs were congested with small superficial haemorrhagic patches. The 
stomach was often distended with air. The invariable and salient feature was 
haemorrhage into the duodenum, jejunum and ileum. Histological sections 
showed that the mucous membrane was undergoing necrosis. 

The rats which died overnight showed no definite macroscopic lesions at 
post-mortem. Histological studies showed generalized venous and capillary 
engorgement, particularly in the lungs where there was also oedema, thickening 
of the alveolar walls and patchy collapse of alveoli. Vascular congestion was 
also conspicuous in the adrenals and the liver in which the parenchyma showed 
advanced cloudy swelling. These appearances were consistent with a diagnosis 
of death from acute heart failure. : 


Observations on long-term survivors 
The thirty-two survivors from the experiments described above (see Tables 
4-6) and twenty-five other rats reanimated from body temperatures below 
2° C were kept in apparent good health for 66-130 days after the experiment; 
one rat has been kept for 630 days. There seems no reason to suppose that 
their normal life span will be curtailed. 


Rate of growth after reanimation 

All rats reanimated from body temperatures below 2° C lost weight for the 
first 24 hr after the experiment, and about 50% continued to do so for 2-5 days. 
The total weight loss varied from 6 to 23 g, and averaged 12-8 g. The majority 
of survivors had regained their original weight by the 6th to the 8th day after 
cooling, and thereafter gained weight at a normal rate. A typical growth 
curve is shown in Fig. 9. One rat continued to lose weight for 12 days and did 
not return to its original weight until the 28th day. Its subsequent growth 
rate was retarded. This exceptional growth curve is also shown in Fig. 9. Rats 
cooled to body temperatures not lower than 15° C, and allowed to rewarm 
spontaneously, lost a small amount of weight (2°5 g approx.) during the first 
24 hr, and then resumed growth at a normal rate (see Fig. 9). 
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Food and water intake after reanimation 
The food and water intakes were reduced for the first 24 hr after reanimation. 
They returned to the normal level or above between the 2nd and the 5th days, 
generally the day before a gain in weight was recorded. During the first week 
some animals drank very little saline (0-8% NaCl), but thereafter they drank 
saline in preference to water. Some results are given in Table 7. | 


200 


& 
100 i i i. 
‘0 10 20 30 40 
Days after experiment 


_ Fig. 9. Growth curves of rats, @—@, Untreated control; e---e, after cooling to and re- 
warming from 15° C colonic temperature; x — x , after cooling to and rewarming from 0° C 
colonic temperature, a typical curve; O—O, after cooling to and rewarming from 0° C 
colonic temperature, an unusual curve. 


Ocstrous cycles of female rats after reanvmation 


The vaginal smears of eight females were studied for 1 month following the 
experiment. In three animals there was no disturbance of the normal 4-5 day 
oestrous cycle, In four others cyclic changes were suppressed for 13-17 days 
and a normal rhythm was resumed thereafter. One rat, which suffered from 
an intercurrent infection, never regained normal oestrous cycles (see Fig. 10). 
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Rat no. 

| 

REL 

38 

I 

| 

01234 56 7 8 9 10 111213 14 15 16 17 18 19 20 21 22 23 24 25 2627 28 29 30 31 32 33 


Days after experiment 


Fig. 10. The oestrous cycles of eight female rats revived after cooling to body temperatures — 


between 0 and 2°C. Results of vaginal smears. |, Represents oestrus (smear composed of 
cornified cells); J, the Christmas holiday when vaginal smears were not taken. 


TaBLE 7. A specimen chart of food and water intakes of a rat after reanimation from a body — 


temperature of 0-8°C by the spatula technique. Its original weight was 144 g. 


Time since Body Food Water 08% Total 
reanimation §_ weight intake in NaClintake fluid 
(days) (g) (g) (ml.) (ml) (ml.) 

1 132 4 12 2 14 

2 126 6 14 0 14 

3 — 6 15 2 17 

4 126 7 16 2 18 

5 124 18 12 1 13 

6 125 —_ 14 1 15 

7 127 13 ll 1 12 

8 131 13 10 14 24 

9 — 12 6 18 

10 = 12 6 12 18 

ll 138 12 5 12 17 

12 139 13 10 7 17 

13 145 1] 3 19 22 

14 145 13 6 29 


| Breeding performance of reanimated rats 

Seven males mated at intervals after reanimation, were all fertile, but only 
three had progeny following the first mating 4-6 weeks after the experiment. 
Within 20 weeks they had fathered eighteen litters comprising 156 healthy 
young. In the fifteen litters examined there were 74 males and 74 females 
(Table 8). Five of the eight female survivors had litters within 7 weeks of the 
experiment, and of the 48 healthy young 26 males and 22 females were reared 
(Table 9). Two of the experimental females suffered from intercurrent infec- 
tions and were destroyed before mating for a second or third time. These 
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results show that the majority of animals had progeny within 3 months of being 
cooled to, and reanimated from, body temperatures between 0-5 and 2° C. 
There is evidence however, of a temporary impairment of fertility. 


TaBLe 8. The breeding performance of male rats reanimated from body temperatures 0-2° C 


Interval 
between | 
Series reanimation Total Sex of young 
and no. of and mating No.of No. No.of no.of ——~A——,. 
rat (days) females pregnant litters young Male Female 

132 3 3 3 35 14 20 One died 

61 3 1 10 Not recorded 
RWJ 29 32 3 3 Se 16 20 — 

58 3 2 2 6 3 3 One litter lost 

94 3 3 3 23 12 11 _ 
REL 31 39 3 1 1 9 6 3 ‘i 
REL 39 34 3 1 Abortion — — in ane 

85 3 2 2 22 12 10 _ 
REL 43 33 3 2 2 12 6 6 _ 

91 1 9 5 4 

(REL 14) 


TasLe 9. The breeding performance of female rats reanimated from body temperatures 0-2° C 


Interval 
Series between 
and reanimation Sex of young 
no.of andmating Whether No. of 
rat (days) pregnant young Male Female 
RWJ 5 Yes 7 2 5 — 
REL 14 42 Yes 12 6 6 — 
103 Yes 9 5 4 —~ 
REL 18 39 No — _ — Killed because of inter- 
) current infection (otitis 
REL 26 37 Yes Abortion — — — 
98 No — — 
140 Yes Abortion — 
REL 28 37 Yes 11 8 3 — 
REL 30 36 Yes __ Litter eaten 
REL 38 31 No Killed because of inter- 
92 No current infection 
REL 42 30 Yes 9 5 4 — 
Miscellaneous experiments 


A number of experiments have been carried out in which the method of 
cooling was altered. There was no indication that more rapid induction of 
hypoxia and hypercapnia and more rapid cooling by enclosure in smaller 
vessels at +5° C altered the subsequent revival rate of rats cooled to body 
temperatures between 0:5 and 1-5°C. Six of the rats cooled in 1} 1. jars for 
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collection of samples of residual air (see p. 453) were subsequently cooled in 
ice and kept in the usual way with body temperatures below 15° C for 1 hr. 
They were then rewarmed by the beam of light following the technique shown 
in Table 1A. Three revived completely, and three others succumbed before 
regular respiratory rhythm and reflexes had been established. 

In other experiments the animals were codled in the second stage by 
circulating icy water around them so that the colonic temperature fell from 
15° C to between 0:7 and 1-4° C in 35 min. They were then rewarmed by heating 
the cardiac ares locally with the spatula. Of eight animals so treated the heart 
resumed beating in six and spontaneous breathing was recovered in five but, 


VAN 


0 5 1015 20 2530 35 40 45 50 55 6065 0 24 6 8 10121416 1820 2224 26 28 30 32 34 
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Fig. 11. (A) The fall in thoracic and abdominal temperature of a rat during stage II of cooling 
when the praecordium was kept warm under the beam of light. @, Thoracic; O, abdominal. 
(B) The rise in thoracic and abdominal temperature of the same rat during rewarming under 
the beam of light. @, Thoracic; O, abdominal. 


of these, only four regained reflexes, and one died after apparently complete 
recovery. The other three revived completely and survived for many weeks, 
showing that more rapid cooling was not necessarily harmful. More rapid 
cooling combined with a more effective method of reanimation, has not so far 
been tested. 

In a small series of experiments the praecordium of rats was kept warm by 
local heating with the beam of light, while the rest of the body was packed in 
ice during the second stage of cooling. The thoracic and abdominal tempera- 
tures were recorded from thermocouples in the oesophagus and colon. The 
heart was still beating when the thoracic temperature was 7° C and when the 
colonic temperature was as low as 2° C (see Fig. 11 A). Local heating was then 
discontinued, the chest was covered with ice and allowed to cool, the heart 
stopped beating and the animals were left for 40 min, during which time the 
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thoracic and colonic temperatures fell below 1° C, Nine rats so treated were 
then rewarmed by the beam oflight, following the technique shownin Table 1 B. 
The rate of rise of temperature of an animal is shown in Fig. 11B. Five of the 
rats revived completely and showed no unusual signs or symptoms to suggest 
that maintenance of a circulation when the hind quarters and limbs were 
intensely cold had been harmful. 

Some preliminary trials were made of cooling under inhalation anaesthesia 
instead of in closed vessels. Two rats were cooled in icy water under ether 
anaesthesia until the body temperature reached 22° C. The anaesthetic was 
then discontinued and the rats breathed air for 10 min or more before respira- 
tion ceased at body temperatures approximately 15° C. They were then kept 
for 1 hr in ice before rewarming by the beam of light. One rat recovered 
completely but died next day with congested lungs; the other died after the 
heart had been beating for 10 min. Twelve rats enclosed in 2} |. jars surrounded 
by ice were cooled under nitrous oxide anaesthesia. Anaesthesia was induced 
by passing pure nitrous oxide through the jars; oxygen was introduced after 
1} min, and the ratio of gas tp oxygen was maintained at 4:1 for about 40 min. 
The gas flow was then gradually cut down until pure oxygen was being 
admitted. The animals remained unconscious, and were then taken out of the 
jar and packed into ice with colonic temperatures about 20° C. They were left 
in ice until the body temperature had been below 15° C for 1 hr and had reached 
1°C. They were rewarmed under the beam of light following the scheme shown 
in Table 1.4. In every experiment the heart resumed beating. Eight rats died 
before breathing spontaneously,. and in five of these the ventricles were 
fibrillating. Two rats resumed spontaneous breathing but died before regaining 
righting reflexes. Two animals recovered completely, one of which died within | 
3 hr of reanimation. Only one rat ene under nitrous oxide anaesthesia 
survived indefinitely. | 

The effects of a variety of drugs a also been tested and the results will 


reported later. 


Other methods for rewarming the heart locally and for rewarming the whole 
body are still under investigation. The results of reheating the heart with 
a magnetron microwave generator are particularly promising and in different 
series 80-100 % of the rats have been fully revived. The apparatus, technique 
and results will be described in fult elsewhere (Andjus & Lovelock, 1955). 


DISCUSSION 
The results given amply confirm the earlier work of Andjus (1951a, 6) and 
show clearly that cooling to body temperatures as low as 0-5° C is not neces- 
sarily lethal to the adult rat. The delayed deaths previously noted by Andjus 
(1951a, 6) and by Jaulmes and Richard who repeated his work (see Laborit, 
1953) seldom occurred when the heart was rewarmed locally by irradiation. 
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In three different experimental series using this technique, 44, 68 and 75% of 
the rats revived fully and survived for long periods in good health. 15° C can, 
therefore, no longer be accepted as the lethal body temperature for the adult 
rat. 

The longest periods of circulatory arrest which adult mammals have hitherto 
survived are 15-30 min with body temperatures 20-30° C (Bigelow et al. 1950; 
Boerema, Wildschut, Schmidt & Broekhuysen, 1951; Swan et al. 1953; 
Juvenelle, et al. 1954; Jensen & Parkins, 1954), In our experiments, rats have 
recovered completely after 60-75 min at body temperatures below 15° C, and 
after 40-60 min without detectable heart beat, circulation, or respiration. The 
skulls of our animals were packed in ice and could have been little, if at all, 
warmer than the colon or the oesophagus from which temperatures as low as 
0:5° C were recorded. Nevertheless, there was no evidence of the neurological 
damage described by Jensen & Parkins (1954) in dogs in which the brain 
temperature had fallen to between 8 and 12° C. 

The tibial nerve of the rat no longer conducts impulses at temperatures 
below 9° C (Chatfield, Battista, Lyman & Garcia, 1948) and electroencephalo- 
- grams show that electrical activity in the rat brain is suppressed at body 
temperatures below 18° C (Horsten, 1949; Lemaitre, 1954). In our animals, 
therefore, cerebral activity was probably arrested for 14-2 hr. Nevertheless, 
they recovered reflexes, posture and consciousness within 2 hr, and apparently 
normal activity and behaviour within 2 days of rewarming from 0 to 1° C. The 
possibility of cerebral damage is under further investigation; precise psycho- 
logical tests on animals before and after cooling are being carried out in 
collaboration with Prof. Russell of University College London, and will be 
described later. 

It is at first sight surprising that previous workers have been unable to 
revive adult rats cooled below 15° C. There is evidence, however, that 15° C 
marks a turning point in the physiology of the rat. This is shown by their 
inability to rewarm or to increase their oxygen consumption spontaneously 
after cooling below 15° C even if rewarmed to that temperature before leaving 
them untreated at an ambient temperature of 20°C. It is likely that the 
method of reanimation is of great importance. When an animal with a deep 
body temperature of 0-2° C is transferred to a hot bath at +45° C as in the 
experiments of Lutz (1950) the skin and superficial tissues must rewarm 
rapidly and experience anoxia for many minutes before the heart is warm 
enough to beat and provide an adequate circulation. If, on the other hand, 
the heart is rewarmed first and a circulation established before the temperature 
of the bulk of the body rises, the degree and duration of tissue anoxia may be 
greatly reduced. It was remarkable that the revival rate in our experiments 
was increased from 20 to 75% when local heating of the surface of the chest 
wall was superseded by heating with a beam of light. The amount of heat 
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penetrating to the anterior surface of the heart was undoubtedly increased 
when the chest wall was irradiated, but the oesophageal thermocouple showed 
that the temperature of the posterior aspect of the heart lagged behind. These 
results suggested that a more efficient method for rewarming the heart rapidly 
should make it possible to revive all rats from body temperatures between 


-Qand 1° C. This suggestion was supported by finding that application of heat 


to the thorax by means of the magnetron microwave generator permitted 
revival of 90% of the rats in a preliminary trial, and 80—100% in subsequent 
series (Andjus & Lovelock, 1955). Direct application of heat to the heart has 
already been practised on hypothermic animals with body temperatures 
between 15 and 20°C. Crismon & Elliott (1947), for instance, showed that 
gentle heating of the sino-auricular node by means of a microheater in the 
oesophagus resulted in increased heart and respiratory rates and a rise in blood 
pressure in rats, but was ineffective in dogs. Boerema and his colleagues (1951),- 
however, showed that irrigating the opened thorax with hot water at 40° C 
resulted in immediate improvement in cardiac action in hypothermic dogs 
which had previously showed signs of cardiac failure. 

Our results indicate that the method of rewarming is of paramount import- 
ance. Nevertheless, the technique of cooling may well influence the survival 
rate even when optimum methods of rewarming are used. For instance, the 
preliminary trials of cooling rats under ether or nitrous oxide anaesthesia 


_ support Kayser & Hiebel’s suggestion (1952) that administration of drugs or — 


other agents may reduce the chances of revival from severe hypothermia and 


raise the lethal temperature level. There is evidence that, at reduced body — 


temperatures, various drugs have increased toxicity (Adolph, 1948; Churchill- 
Davidson, McMillan, Melrose & Lynn, 1953). On the other hand, conscious 
animals plunged into cold water as in Adolph’s experiments (1948) must be 
subjected to great psychological and physiological stress and may exhaust their | 
adrenal glands and other protective mechanisms so that they inevitably 
succumb to cooling below 15° C. Oxygen lack during induction of hypothermia 
is usually regarded as dangerous because of the decreased dissociation of 
oxyhaemoglobin at reduced temperatures (Brown & Hill, 1923; von Wertz, 
1954) and because myocardial anoxia predisposes to ventricular fibrillation 
(Lynn et al. 1954; Crismon, 1944). As a result, artificial respiration with high 
concentrations of oxygen is often favoured when cooling animals or humans 
for surgical anaesthesia, Hypoxia has, however, been used’ experimentally as 
an adjunct to cooling ever since Paul Bert showed that hypothermia could be 
induced in hibernating animals cooled under reduced oxygen tension in closed 
chambers in which the CO, was absorbed (Bert, 1870). Giaja (1940), for 
instance, has succeeded in inducing cold narcosis in rats, cats, dogs, and other 
non-hibernating animals by cooling them to body temperatures below 20° C 
under reduced barometric pressures. Kline (1947) showed that 13% CO, in 
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the inspired air increased the altitude tolerance of cats and thought that the 
raised CO, tension of the blood might increase pulmonary ventilation and 
facilitate dissociation of oxyhaemoglobin and might promote cerebral vaso- 


dilatation. As long ago as 1895 Dubois used a mixture of 45% CO,, 12% 0, | 


and 43% air to cool marmots artificially. He called it ‘le mélange qui endort’. 
His findings were confirmed by Benedict & Lee (1938). The closed vessel 
method of cooling, in which hypoxia and hypercapnia are combined, was 
introduced by Giaja & Andjus (1949) for producing surgical anaesthesia in 
rats, and has subsequently been used by them for anaesthetizing guinea-pigs, 
cats and dogs. It has now been adopted by Courrier & Marois (1953) and by 
Chauchard & Mazoué (1954) for cooling rats, while Bénitte (1954) follows the 
same principle and anaesthetizes dogs by cooling them and simultaneously 
administering gas mixtures high in CO, and low in O, content. We feel that the 
-use of the closed vessel technique may, in part, be responsible for the resistance 
of our rats to body temperatures below 15° C. The revival rate of rats cooled 
to body temperatures of 0-1° C under the influence of drugs instead of narcotized 
by hypercapnia and hypoxia is still under investigation. 

Several other problems are being studied. Hamsters have already been 
revived from subzero temperatures (Smith, Lovelock & Parkes, 1954), and 
similar experiments are being performed on rats. The maximum time for 
which rats can be kept with arrested circulation and respiration is beiny 
determined. The effect of repeated cooling and reanimation of individual rats 
is being examined. Continuous electrocardiographic studies during cooling 
' and reanimation are being made. Finally, attempts are being made to revive 
larger and higher mammals from body temperatures approaching 0° C, after 
cessation of heart beat and breathing, and without the use of artificial extra- 
corporeal circulatory systems. 

SUMMARY 

1. Rats narcotized previously by anoxia, hypercapnia and deep hypo- 
thermia were kept in icy water until their colonic temperatures had been 
below 15° C for 1 hr and had reached 0-2° C. sed were without circulation 
or respiration for 40 min or longer. 

2. These rats were resuscitated by heating the cardiac region locally until 
regular heart beats were resumed, and by insufflating air into the lungs until 
spontaneous respiration recurred. 

3. The whole body was then rewarmed in a bath at +40° C until postural 
reflexes were regained. They were kept at an ambient temperature of 28° C for 
4 days until thermal regulation was recovered and then at normal indoor 
temperatures. 

4. Colonic and thoracic temperatures and arterial blood pressure were 
recorded and oxygen consumption and blood sugar concentration estimated 
in a number of animals during cooling and rewarming. 
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5. Local heating by means of a metal spatula effected reanimation of 20%, 
whereas irradiation with a beam of light focused on the praecordium resulted 
in revival of 75% of the refrigerated and inanimate rats. 

6. Fifty-eight rats reanimated from 0 to 2°C were studied for periods 


varying from 66 to 630 days. Normal growth and behaviour were usually 
resumed 4 to 7 days after revival. 


7. The seven males and five of the eight females tested for fertility had 
progeny within 3 months of reanimation. 


We are indebted to Dr J. E. Lovelock who suggested the use of light for local heating, and to 


Mr C. Payne who arranged the lighting system. Our best thanks are due to Dr A. S. Parkes, F.R.S., 
for stimulation and encouragement. 
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THE DISTRIBUTION OF Na AND K IN CAT NERVES 


By K. KRNJEVIC* 
From the Physiology Department, Edinburgh University 


(Received 8 October 1954) 


\ Ever since the first full statement of the membrane theory (Bernstein, 1912) it 
has been widely believed that the mechanism of nervous conduction depends 
upon certain important differences between the concentrations of electrolytes 
inside and outside the nerve fibre. Bernstein had no evidence on this point and 
he relied for his argument on what evidence was available from analyses of 
muscle. We now know much about the composition of the intracellular fluid of 
invertebrate nerves (e.g. Lewis, 1952) and one analysis has been made of the 
electrolyte distribution in frog nerves (Fenn, Cobb, Hegnauer & Marsh, 1934). 
No study of the distribution of electrolytes in mammalian nerves, however, is 
apparently available. 

Estimations of the total content of Na, K and Cl in various mammalian 
nerves have been made by several authors: Alcock & Lynch (1907): Cl; 
Tupikova & Gerard (1937): Na, K and Cl; Amberson, Nash, Mulder & Binns 
(1938): Cl; Fenn (1938): K; Manery & Hastings (1939): Na and Cl; Liss4k & 
Kovacs (1942): K; Davies, Davies, Francis & Whittam (1952); Na and K; 
McLennan & Harris (1954): Na and K. The information to be derived from 
| these values is unfortunately greatly limited by complete uncertainty about 
the relative proportions of intra- and extracellular fluid and the relative pro- 
portions of total intra- and extracellular Na, K, or Cl. The present paper is an 
' analysis of the distribution of Na, K and Cl in cat nerves, based upon: (a) a 


: comparison of the total Na, K and Cl contents of intact nerve trunks and 

: desheathed nerve bundles; (b) studies of the diffusion of Na from desheathed 
nerve bundles; (c) a direct estimate of the intracellular space obtained from 
photomicrographs. 

METHODS 


Animals. Most of the nerves analysed were from cats, A small number of nerves from rabbits, 
dogs and monkeys were also studied for comparison; the only estimations made, however, were 
of the total Na and K. | 

The majority of the nerves were removed from cats which were in good condition, with their 
circulation intact, in the course of experiments under general anaesthesia, or in some cases, after 
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decerebration. The anaesthetics were ether, chloralose and pentobarbitone sodium (Nembutal). 
‘A smaller number of nerves were only removed after the death of the animal, but this was done as 
speedily as possible, Since the Na and K values obtained from these did not differ significantly 
from the others, they were all combined together. No record was kept of the sex of the cats. 
Nerves. The intact nerves were portions of sciatic trunks and their two terminal branches 


| (Pl. 1, fig. 1), The desheathed nerves were bundles of the medial or, more frequently, the lateral 


popliteal divisions carefully dissected out of the common trunk. The perineurium was freed by 
cutting around with fine scissors, and then rolled back like a sleeve with fine pointed forceps. By 
this method it is often possible to obtain 6 cm or more of nerve bundle free of its sheath. The suc- 
cess of this operation was subsequently checked whenever possible by a histological examination 
(Pl. 1, fig. 2). The surface of intact nerves was not cleaned unless there were present gross amounts 
of fat, as happened occasionally at the principal bifurcation. Intact nerves were sometimes rinsed 
quickly in mammalian saline if they were very obviously stained with blood. During desheathing, 
the nerve bundle was held away from the tissues, so that it could in no way become contaminated 
with blood and could not absorb fluid from anywhere. 

All specimens were placed in platinum crucibles of known weights and weighed immediately. 
Intact nerves usually weighed 80-150 mg but occasionally as much as 300 mg, while desheathed 
nerves weighed 40-120 mg. The crucibles were left in an air oven at 100-110° C for at least 5 hr, 
and, after cooling in a desiccator, weighed again. | 

Na and K estimations. The dry nerves were ashed overnight in a muffle furnace at about 520° C. 
The ash was dissolved in hot nitric acid (0-75) and the solution made up to a known volume. 
Further dilutions were made so that the unknown solutions could be compared directly, by means 
of an Evans Electroselenium flame photometer, with a standard solution containing 5 mg Na/l. 
and 10 mg K/l. The Na values were obtained from the average of five readings, and the K values 
from the average of three readings, in each case. 

Control runs, with known quantities of Na and K submitted to the same procedure, showed that 
the recovery of Na varied between 98-5 and 99-5%, and that of K between 96-5 and 98-0%. No 
systematic correction has been made to allow for the slightly imperfect recoveries, Some indica- 
tion of the random error of the method was given by: (1) a series of eleven duplicate estimations of 
plasma Na (done by an exactly similar method) in which the s.p. of the twin readings was + 1-6%; 
(2) a comparison of the readings obtained with the same solution on two different days: this was 
done with four solutions and the 8,.p. was +1-3%. It is difficult to avoid some personal bias in 
photometer estimations without taking very special precautions; allowing for this, it would seem 
justified to claim that the total s.p. of the method was unlikely to be more than +2% for Na and 
+5% for K. 

Cl estimations, The weighed and dried nerves were left in 2-5 ml. distilled water for 24 hr or 
more, the solution being stirred at intervals. The Cl was then titrated electrometrically against 
standard AgNO, (8.D.H.) by a method similar to that described by Eggleton, Eggleton & Hamilton 
(1937). The accuracy was limited by the sharpness of the end-point rather than by the capacity 
of the burette to deliver small volumes. The error of the titre was therefore about + 0-01 ml. 
which corresponded to an error in the estimation of the Cl concentration of + 2-15%, according to 
the size of the nerve. In a series of eight titrations of known amounts of Cl, the average error was 

+3-5% and +10% when estimating 100 and 5 pmole Cl respe@ively. 

Diffusion of Na from cat nerves. The desheathed nerve bundle (about 6 cm long) was clamped 
in a special holder in which the two cut ends were grasped firmly over a distance of about 1-2 mm 
but the rest of the nerve remained quite free. The holder was originally made of Perspex but a 
stainless steel model was later found to be more satisfactory. The nerve and holder were im- 
mediately weighed, and then plunged in the diffusion bath. 

The bath was a 7 cm long portion of 1-5 cm diameter Pyrex glass tubing closed at the lower 
end with a rubber stopper, and with an outer jacket containing a heating element immersed in 
liquid paraffin. The heating element was the cathode load of the cathode follower output ofa simple 
d.c. amplifier across the input of which was a bridge with a thermistor in one of its arms. The 
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thermistor was placed in the solution inside the bath and the bridge adjusted to maintain a con- 
stant temperature of 37+1° C, A needle pushed through the rubber stopper supplied a stream of a 
suitable gas mixture for oxygenation, pH control and stirring. 

The solution which had been heated to about 37° C was delivered into the bath in samples of 
10-0 ml. with an accuracy rather better than +0-:1 ml. The whole operation, of emptying the bath 
by letting the solution run out, and then refilling it, took about 10 sec. It was found that between 
0-38 and 0-40 ml. of solution remained in the bath after emptying, by estimating the Na concentra- 
tion of samples of distilled water after samples of saline. A correction was accordingly made to all 
results. Using small drops of a dye solution, mixing was shown to be complete, as far as the eye 
could judge, in less than 5 sec. 

The solution into which diffusion took place contained 1% sucrose and K buffers to maintain 
the pH between 7-3 and 7-5. In a small number of experiments in which the outward diffusion of 
K was also studied, no buffers were used. 

In every experiment, some 12—14 samples of solution were obtained, first at intervals of 2-5 min, 
later of 30 min. Diffusion was allowed to go on for at least 2 hr. The Na (and sometimes K) con- 
centration of the samples was estimated with the flame photometer, each value being calculated 
from the average of three readings. Controls were made to determine (a) the interference effect of 
sucrose on the Na readings (+ 2%), (b) the degree of contamination with Na of the sucrose solu- 
tion, which was never quite negligible. Suitable corrections were applied to all readings. 

At the end of each experiment, the nerve was placed in a fixing solution so that the effectiveness 
of the desheathing could be confirmed later by a histological examination. 

In each case, an exactly similar desheathed nerve, from the opposite limb of the same cat, was 


analysed for Na and K, as described above, as a control for calculating the initial Na and K 


content of the nerves used in the diffusion study. 

Inulin space, Some 30 ml. of 20% inulin were injected intravenously in cats anaesthetized with 
Nembutal, both renal pedicles having been tied. After about 4 hr the sciatic nerves were re- 
moved, together with a sample of blood which was heparinized. Each nerve was ground to a paste 
and the inulin extracted with hot water and vigorous stirring. Proteins in the plasma sample and 
in the nerve extract were precipitated with ZnSO, and NaOH, and the filtrates (diluted if 
necessary) incubated with HCl at 80° C for 15 min in the presence of 0-05% FeCl, and alcoholic 
resorcinol (0:2%). After cooling, the inulin concentration was estimated with the help of a Hilger 
photometer (filter 603) and a calibration curve obtained from samples containing known amounts 


_ of inulin (2, 4 and 6 mg%) submitted to this procedure. Control experiments with two nerves 


containing no inulin, showed that cat nerves normally give a photometer reading equivalent to 
only about 0-1 mg % inulin. 
Direct estimation of extracellular space. This depended on a direct comparison of intra- and extra- 


cellular areas in photomicrographs of intact cat nerves. The latter were fixed in Flemming’s fluid, © 


and paraffin sections were later photographed, magnified about 700 x (PI. 1, fig. 3). Details of the 
histological procedure are given later; it is similar to that used by Sanders (1947) in a study of 
rabbit nerves, in which, after fully considering and checking all possible errors, he came to the 
conclusion that the only serious systematic error introduced by the method was a general shrinkage 


of all elements, which can be allowed for by multiplying all data by 1-07. It is true that Sanders 


was concerned particularly with the dimensions of the nerve fibres, but there is no reason to believe 
that the apparent arrangement of the fibres would be greatly altered in good preparations, which 
are cut cleanly and with no evident disruption of the tissue. The hydrostatic pressure of the circula- 
tion may possibly tend to increase slightly the dispersion of the nerve fibres in situ, but this cannot 
be a very large effect since the perineurium limits outward expansion. 

The photomicrographs included only parts of a bundle; they were selected to give variable 


_ proportions of large and small fibres. The intra-axonal areas were cut out with scissors and the 


relative proportions of intra- and extracellular areas found by weighing. Each photomicrograph 
contained about 150 nerve fibres; to exclude personal bias, several were also cut by an independent 
observer. The corresponding twin figures had a s.p. of +4%. Prolonged drying of the paper after 
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cutting (as was done by Ellison (1910) in a similar study of horse nerves) was found to make 
practically no difference to the final ratio, and was therefore unnecessary. 

Histological techniques. All nerves were mounted on small glass frames and fixed in Flemming’s 
fluid, glacial acetic acid being added before sealing the tube with paraffin wax. The duration of 
fixing was from 12 to 36 hr; it depended upon the thickness of the nerve, and also upon whether 
the latter had been desheathed or not. After washing, progressive dehydration in alcohol, or, 
more often, in dioxan, preceded embedding in paraffin blocks, from which 8-12 sections were 
cut. A connective tissue stain, like that of Mallory, which differentiated the perineurium clearly, 
was commonly used. 

RESULTS | 
Na and K content of intact nerves 


The average Na concentration in fifty-one cat nerves was 96-2 m-mole/kg 
fresh nerve (s.£.+1-2), and the average K concentration in fifty-three cat 
nerves 46-2 m-mole/kg fresh nerve (s.z. + 0-8). The average water content of 
these nerves was 68-9 % (s.E. + 0-4). 


Na and K content of desheathed nerves 


The average Na concentration in sixteen cat nerves was 99-3 m-mole/kg 
fresh nerve (8.£. + 3-0) and the average K concentration in fifteen cat nerves 
76-7 m-mole/kg. fresh nerve (s.£.+2-6). The average water content of the 
desheathed nerves was 63-6 (s.z. + 1-0). 

The most striking feature of these results is the negligibly small difference 
between the Na concentrations in intact and desheathed nerves, particularly 
_ when compared with the difference between the respective K concentrations. 
Comparison of the Na and K concentrations in a few nerves from other mam- 
mals revealed the same feature. For instance, in a monkey, a dog and a rabbit, 
the Na concentrations of intact and desheathed nerves were as follows: 121-0 
and 115-8; 85-4 and 95-1; 75-4 and 76:4 m-mole/kg fresh weight, whereas the 
K concentrations of intact and desheathed nerves were: 44-7 and 57-9; 26-0 
and 44-5; 53-6 and 80-7 m-mole/kg fresh weight. 


Cl content of intact and desheathed cat nerves 

These estimations were made on a smaller number of nerves by a somewhat 
less exact method; the results are correspondingly less accurate. They are 
principally of interest in giving an indication as to the probable composition 
of the interstitial fluid in the nerve. 

The average Cl concentration in seven intact nerves was 62:8 m-mole/kg 
fresh nerve (s.£.+3-7), and in six desheathed nerves 62-1 m-mole/kg fresh 
nerve (s.E.+2°6). The average water contents were 63- (s.E.+0-7) and 
66-7 (8.E. + 0-9) respectively. 


Diffusion of Na and K from desheathed cat nerves into a suerose solution 
The rate of di n was obtained by plotting the percentage of the initial 
Na or K content still remaining in the nerve against time. The initial content 
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was calculated from the weight of the nerve and the concentration of Na or K 
found in the control nerve removed from the opposite limb. | 

Nearly all the Na curves became excellent straight lines after about 1 hr 
when plotted on semi-logarithmic paper, and the curves were easily divided 
into a fast and a slow component by subtraction. The slow component gave by 
extrapolation to zero time a Na percentage, which is assumed to be related to 
the intracellular content whose mean value, obtained from seven nerves, was 
24-0 % (s.B. + 2-0) of the total. From Text-fig. 1, which shows the curve obtained 
from the average of seven curves, it can be seen that the loss of intracellular 


» aoe 


Percentage of initial Na content 


| | | 
0 30 60 90 120 
Time (min) 


Text-fig. 1. @—@, curve showing diffusion of Na from desheathed cat nerves in isotonic sucrose. 
The Na content of the nerves is expressed as a percentage of the initial content, which was 
itself deduced from the Na content of bilateral, control nerves. Each point is the mean of 
seven experiments, and the s.z. is indicated. O—O, curve of fast, initial component obtained 
from first curve by subtraction of straight line. 


component had a half-period of about 50 min, whereas the fast component, 


__ which is complex initially, as might be expected of a diffusion process, later — 
_ decayed with a half-period of about 8 min. | 


The escape of K from two nerves gave curves which were much flatter and 
which could not be so easily analysed into two components (Text-fig. 2). They 
showed, however, that about 10% of the total K left the nerve within 10 min, 
the remainder coming out with a half-period of approximately 4 hr. If the 
herve was exposed to chloroform fumes at 37° C for about 20 min beforehand, 
15% of the K diffused out with a half-period of 3-5 min, and the remaining 


_ 25% with a half-period of only 35 min. 
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Text-fig. 2. A: @—®@, curve of escape of K from desheathed cat nerves in isotonic sucrose. The K 
| content of the nerves is expressed as a percentage of the initial content, calculated from that 
of bilateral control nerves. O—O, curve of initial, fast component obtained from first nerve 
by subtracting straight line. B: both curves as above, but nerves had previously been 
exposed to hot chloroform fumes for 20-25 min. In both A and B, each curve is the mean of 
two experiments, « 


Extracellular space estimations | 

Inulin. The mean value of the extracellular water percentage in seven nerves 
was only 11-0 (s.z.+1-0); when allowance was made for the water content of 
the nerves, the extracellular water expressed as a fraction of the total nerve 
water was still only 165%. 

The total extracellular volume of the body, calculated from the plasma-—inulin 
concentration, the amount of inulin injected, and the body weight, was found 
to vary between 16-2 and 17-8% in four adult cats; it was 23-8% ina young 
kitten. | 

Photomicrographs. The results are based upon the relative weight of intra- 
cellular areas in nine photomicrographs, from two nerves, fixed and sectioned 
independently. Each photomicrograph covered an area of nerve bundle 
which included at least 150 axons (PI. 1, fig. 3). The mean value of the intra- 
cellular area was 43-4% (s.z.+1-3). The intrafascicular extracellular space, 
which includes the myelin sheaths, was accordingly 56-6 %. 


DISCUSSION 

Na and K concentrations in intact nerves 
For comparison with the data presented here, Na and K concentrations found 
in various mammalian nerves by other observers are given in Table 1. 
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All the nerves analysed by McLennan & Harris (1954) were apparently first 
rinsed in isotonic sucrose for 2 min, and this caused the loss of one-third of the 
total Na, enough to account for the discrepancy. 


TasLE 1. Na and K concentrations found in intact mammalian nerves by other observers 


Na concentration K concentration 
(m-mole/kg (m-mole/kg 


_ Observers fresh weight) fresh weight) Species 
Fenn (1938) —_ 48-5 Cat 
Liss&k & Kovacs (1942) 37-9-103 Cat 
Liss4k & Kovacs (1942) 42-3-106 Rabbit 
McLennan & Harris (1954) 59 (s.p. +14) 38-5 ae D.+10) Rabbit 
Manery & Hastings (1939) 77-7 Rabbit 
Tupikova & Gerard (1937) — 137-156 33-38 Dog 
Davies et al. (1952) 93 (8.u.+4°8) (8.8,42-9) Ox 


Na and K total in intact nerves 
Several authors have commented previously on the high content in mam- 


- malian nervous tissue of Na and K, which is particularly striking when it is 


considered that nervous tissue contains only some 60-70% water (e.g. Davies 
et al, 1952; Harris & McLennan, 1953). In the present case, the Na plus K 
total amounted to 142 m-mole/kg in fresh cat nerves, which is equivalent to 
about 210 m-mole/kg nerve water. The mean values of the Na and K con- 
centrations in fifteen samples of cat plasma were 148-1 m-mole/l. (s.z. + 1-9) 
and 4-4 m-mole/l. (s.z.+0-19). Allowing for the water content (water makes 
up 92:7% of cat blood serum according to Dukes, 1935) the Na and K con- 
centrations were equivalent to 161 and 4-8 m-mole/kg water, in good agree- 
ment with previous estimations (Robertson & Dunihue (1954) found Na and K 
concentrations of 159 and 4:8 m-mole/kg serum water). Clearly, the Na plus 
K concentration in the intact nerve water shoentes that in plasma by about 
25%. 

The Na+K concentration was even higher. is in the monkey nerve (165 
m-mole/kg); in the rabbit nerve, it was also rather high (130 m-mole/kg), but 
this was not the case in the single intact dog nerve analysed. It may be said 
that a general, but possibly not a universal, feature of intact mammalian nerves 
is that their Na+K content is to a varying extent higher than one would 
expect from the Na+K concentration of plasma. 


Na and K total in desheathed nerves 


The so-called intact nerve usually consists principally of several bundles, 
containing axons, endoneurium, interstitial extracellular fluid, and some blood 
vessels, each bundle being limited externally by a substantial, organized sheath, 
the perineurium, and the several bundles held together by a variable amount 
of comparatively loose epineural tissue (Pl. 1, fig. 1). Since both perineurium 
and epineurium may be regarded as indifferent connective tissue, it was felt 
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that an analysis of the nerve bundle after desheathing, i.e. after removal of the 
external sheaths, should give a more revealing picture of the internal com- 
position (Pl. 1, fig. 2). 

Before analysing the results obtained, one source of error in the experiments, 
which was probably not negligible, must be considered. The greater size, 
better protection and easier dissection of the intact nerve made very small the 
likelihood that a substantial fraction of the total weight was lost by drying, 
before the nerve was weighed. This is confirmed by comparing the mean value 
of the water concentration obtained here (68-9 + 0-4%) with other data for cat 
nerves in the literature (Alcock & Lynch, 1907: 67:°341-0%; Fenn, 1938: 
66-2 + 0-07%). Desheathed nerves are, of course, appreciably smaller, have no 
external envelope, and require a longer time for their preparation. Hence 
drying is more likely to be important and to have an appreciable effect on the 
total apparent weight. In fact, the mean water concentration of the first 
series of desheathed nerves was 63-6 + 1-0%. This might have been a genuine 
difference, but in a later series of six desheathed nerves (used for Cl determina- 
tions) in which very special precautions were taken to avoid drying by working 
as quickly as possible near the damped balance, the mean water content was 
66-7 + 0-9% (s.z.). Observations of the rate of drying on the balance showed 
that the latter figure was certainly within 1-2% of the true value. 

It was essential to consider this source of error, as it would tend to exaggerate 
the Na and K concentrations in the desheathed nerves, and, even more, the 
concentrations calculated for the desheathed nerve water. In the following 
analysis, a correction has been made in all cases for the probable effect of 
drying by assuming that the water contents of the intact and — 
nerves were equal. 

In all nerves examined, the effect of desheathing was to increase very ap- 
preciably the K concentration, as one would expect. It is more surprising that 
there was no comparable decrease of the Na concentration. If the nerve fibres 
contain much K but little Na, removal of the indifferent connective tissue, 
which is presumably rich in Na, might be expected to keep the Na and K total 
more or less constant: in fact, in every case it was increased to an even higher 
value, so that even in the dog nerve the concentration in the water exceeded 
substantially that in plasma water. The corrected value of the Na plus K con- 
centration in cat nerves was now 243 m-mole/kg water. Only two explana- 
tions were possible; either the intracellular concentration of Na was very high, 
very nearly as high as in plasma, or the interstitial extracellular fluid had a 
much higher qo of Na than plasma. 


Intracellular Na 


To decide which of these two explanations was more likely to be correct, it 
was necessary to know how much of the total nerve Na was intracellular. Two 
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methods were employed to obtain this information, both depending upon an 
analysis of the diffusion of Na from desheathed nerves. 
In the first method, the diffusion of Na into isotonic sucrose gave the results 
described earlier. The fast component in Text-fig. 1 agrees reasonably well 
with the theoretical curve of diffusion from a cylinder given by Hill (1928) in 
his fig. 5, p. 70. The corresponding diffusion coefficient (D) can be calculated by 
taking the value of Dt/«® as $ when 10% of the initial Na remains, « being 
the radius of the cylinder and ¢ the time. The diameters of the nerve 
bundles used in the experiments varied between 0-50 and 1-30 mm, so that D 
must have been between 2-0 x 10-7 and 1-4 x 10-* cm?/sec. This range of values 
extends between ¢; and 4 of the coefficient of diffusion of NaCl from a 0-1m 
solution into water, at 18° C. It overlaps at the lower end the values of D for 
Na found by Krnjevié (1954a@) in desheathed and perfused frog nerves, by 
Shanes (1954) in desheathed toad nerves, and by Harris & McLennan (1953) in 
mammalian sympathetic ganglia; at the upper end it is about half the value of 
D for extracellular Na estimated by Keynes (1954) in frog muscle. Diffusion 
within a nerve bundle is slowed down not only by an increase in the path 
length due to tight packing of the fibres, but also probably by endoneural 
partitions, which are well developed in cat nerves (PI. 1, fig. 1). Where diffusion 
takes place into isotonic sucrose, the requirements of electrical and osmotic 
equilibrium may also be a hindrance, especially if interstitial Na is assoviated 
to any extent with slowly diffusing anions. 

From these considerations, it seems likely that the slow component in the 
diffusion curve (Text-fig. 1) does in fact correspond to the intracellular Na. It 
is interesting that this component should fit an exponential so well, since this 
suggests that the Na efflux from the nerve fibres was a simple function of the 
intracellular Na concentration. This would seem to argue against an exchange 
diffusion mechanism such as that postulated by Levi & Ussing (1948). 

To derive a value for the intracellular Na the mean Na percentage 
(24-0 + 2-0) obtained by extrapolation of the slow component must be cor- 
rected for the slowness of diffusion of Na from the extracellular spaces. The 
application of the correction (see Dainty & Krnjevié, 1955) leads to a value 
for the percentage of the nerve Na which is intracellular of 1843. This 
agrees with the value (18°1+3-3%) found by the second method, which in- 
volved similar experiments with desheathed nerves and “Na (Dainty & 
Krnjevié, 1955). The intracellular Na may then be taken as 18% of the 
total: this suggests that the excess Na is to be found in the interstitial fluid, 
but an exact evaluation requires a knowledge of the relative amounts of intra- 
and extracellular water. The slow rate of loss of nerve K confirms the belief 
that most of it is intracellular. 
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Extracellular water 


Inulin space. The values of the total extracellular volume in the cat (16-24%) 
seem to agree fairly well with estimations of the inulin space in man (15-16%, 
Gaudino, Schwartz & Levitt, 1948) and in the dog (17-5-21-8%, Gaudino & 
Levitt, 1949). 7 

The small inulin space in cat nerves, equivalent to only 16-5% of the total 
water, presumably reflects the failure of inulin to penetrate into the tissue. 
The above-cited authors emphasized the fact that the large inulin molecule 
diffuses very slowly. In an illuminating study of the behaviour of inulin, 
Nichols, Nichols, Weil & Wallace (1953) showed that inulin penetrates re- 
markably slowly into water associated with connective tissue. It is not sur- 
prising, therefore, that the inulin space should be so small in nerves which 
contain a relatively high proportion of connective tissue. 

Photomicrographs. All the methods of estimating the extracellular space of 
a tissue by allowing equilibration of some normal or abnormal constituent of 
plasma are based upon the assumption that the concentrations in the extra- 
cellular fluid are the same as those in plasma. In the case of cat nerves, how- 
ever, there was good reason for believing that the interstitial fluid might not 
be similar to plasma in composition. It was therefore decided that a more direct 
estimation, from the respective intra- and extracellular areas in photomicro- 
graphs of sections of cat nerves, would probably be more reliable. . 

The value of 43-4+1-3% for the intracellular space of a desheathed nerve 
can only be converted into an intracellular water percentage if we know the 
proportion of water within that space. Fortunately, there is available an 
estimate of the water content of the axoplasm of myelinated frog nerves: 
91-92%. This is based upon the X-ray absorbing properties of the tissue 
(Engstrém & Liithy, 1950). If we then assume that 91% of the axoplasm in 
cat nerves is water, and that the total water content of the desheathed nerve is 
69% by weight (see pp. 479 and 480), the intracellular water is found to make 
up 57% of the total water. 


Intracellular and extracellular concentrations of Na and K 
It is now a matter of simple arithmetic to calculate the Na and K concentra- 
tions in the intracellular and interstitial water. For instance: 
Na, x 0-57 + Na, x 0-43 = 136 m-mole/kg of desheathed nerve water*. (1) 


We know that Na; x 0-57 =the total internal Na=0-18 x 136, hence we can 


easily find the values of Na, and Na, (the intracellular and interstitial con- 
centrations of Na). 


The interstitial Na concentration comes out to be 258 m-mole/kg and is 
* From the total Na and water contents given on p. 476, with a correction for drying. 


t 
a 
4 
isd 
q 
+ 
LA 


Na AND K IN CAT NERVES 483 


greater than that of plasma (160 m-mole/kg) by a factor of about 1-6. When 
calculating K,, the concentration in the intracellular water, one can either 
assume that K,, the interstitial concentration, is equal to K,, the plasma con- 
centration (4-8 m-mole/kg), or that K, is also greater than K,, by the factor 
of 1-6 already cited (K,=7-7 m-mole/kg). The respective values of K, differ 
only slightly: they are 183 and 181 m-mole/kg intracellular water. 

_ The fractions of extra- and intracellular water in intact nerves can now be 
calculated. It is assumed in the following that the intact nerve water consists 
of three independent components, the intracellular water (1—S), the interstitial, 
intrafascicular, extracellular water (S;) and the extrafascicular, extracellular 
water (S,); the last two together make up the extracellular water (S). It is 
also assumed that the composition of the last component (S,) is similar to that 
of plasma. If the difference between the Na and K concentrations in intact 
and desheathed nerves are wholly consistent with each other, the following 
simultaneous equations should yield figures for S, and 8, which have a general 
validity, at least within the scope of the present experiments. 


K, x (i-S)+K, x 8;+K,x8,=Ky, (2) 

Na, x (1-S)+Na, x S8,+ Na, x 8, =Nay, (3) 

(where Ky and Nay are the total concentrations in intact nerve water and 

S,=S-—S,). Furthermore, if Z is the extracellular fraction of the desheathed 

nerve water, it can easily be shown that the following, independently derived, 

equation should also be true, 

(4) 

It is perhaps asking rather much that the various concentrations should corre- 

spond precisely and, in fact, if the values of Ky and Na, obtained from the 


S,= 


results are used (67 and 140 m-mole/kg), equations 2, 3 and 4 yield values of 


S, which are not exactly similar. However, only a slight adjustment abolishes 
this discrepancy. Thus, if the figure for the concentration of Na in desheathed 
nerves is decreased from 136 to 130 m-mole/kg (a decrease of only 4-5°%) and 
the corresponding values of Na; and Na, employed, fully consistent values of 
S, 8; and S, are obtained. These are: 


S=0-65, S,=0-26, S,=0-39. 


Na, and Na, are now 41 and 245 m-mole/kg respectively, so that the ratio of 
Na,/Na, becomes 1-53, That only such a small correction is necessary to give 
perfect correspondence between intact and desheathed nerve data seems in 
itself a justification of the method. It should be made clear that it is only 
the relative values of S, and S, which are sensitive to small variations of 
concentrations. S is a much more stable element, comparatively independent 
of minor adjustments. Likewise, the relative values of Na,, Na, and K, are not 
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disturbed fundamentally even by appreciable changes in the original estimate 
for the extracellular water in the nerve bundle. The concentrations given here 
are almost certainly of the correct order of magnitude, and they probably do 
not differ from true average values by more than + 10%. 


Significance of results 

The high concentration of Na and K in the nerves studied is of great interest 
when considered in conjunction with a recent controversy about the permea- 
_ bility of the nerve sheath. A great majority of authors have now agreed that 
nerves are surrounded by a relatively impermeable external sheath, and it has 
been suggested (Krnjevi¢, 1954a) that the function of such a sheath may be to 
preserve the specific character of the internal environment of the nervous 
tissue. Evidence has been presented that the frog nerve is surrounded by a 
continuous layer of epithelium at the inner margin of the perineurium 
(Krnjevi¢, 19546) such as might well be a diffusion barrier. It has long been 
known that the mammalian perineurium is rich in cellular elements, which 
usually form distinct lamellae. There is some doubt, however, whether passages 
are present between such lamellae in all the layers; the evidence for their 
presence in all layers depends upon the forcing of a fluid injected into the 
bundle out through the perineurium. This is a dubious procedure, and it cannot 
extinguish the fact that an external barrier to diffusion has been demonstrated 
around mammalian nerves (Causey & Palmer, 1953). Close examination of the 
sheath shows that the cellular elements are concentrated at the innermost 
boundary of the perineurium where they appear to form a continuous system 
(Pl. 1, fig. 4), and it seems reasonable to suppose that this is the site of the 
diffusion barrier, as in frog nerves, | 

An external cellular membrane is then probably in some way connected with 
the specific composition of the interstitial fluid. How does this specific com- 
position arise? There are at least two possible explanations: 

(1) Endoneural connective tissue probably consists largely of collagen, which 
is a protein with an isoelectric point at a low pH. At the normal pH of the 
body, its free anion groups would be available for combination with Na+, which 
would be immobilized in a Donnan system. According to Tristram (1953), 
collagen has 77:2 free anion equivalents/10° g protein; from this, it can be 
shown that if all these groups are available, the amount of collagen necessary to 
produce the effect observed would only be about 3% of the nerve weight. 
A Donnan excess of internal osmotic pressure might be neutralized by the 
inextensibility of the perineurium; the consequent rise in internal hydrostatic 
pressure, however, could presumably only be tolerated up to a limit set by the 
requirements of the blood supply. 

(2) Active secretion of water by the nerve would maintain a general increase 
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in the concentration of all the solutes in the nerve. There is at present no direct 
evidence of such a mechanism. 
Cl concentration in nerves. It seemed likely that an estimation of the Cl 


concentration in either intact or desheathed nerves would give some indica- 


tion as to which of the two explanations offered above is nearer the truth. 


The Cl concentration found in intact nerves, 62-8 m-mole/kg fresh nerve ~ 


(s.E. + 37), was similar to that found in mammalian nerves by most previous 
authors (Table 2). 

If the value of Na, is kept higher than that of Na, by the presence of in- 
diffusible anions, then we may expect to find Cl,/Cl, = =N a,/Na,; taking Cl, as 
127 m-mole/kg, Cl, is about 83 m-mole/kg. When this walte, together with 
values given earlier for the intra- and extracellular water, and the total con- 
centration of Cl in intact and desheathed nerve water (99 and 93 m-mole/kg) 
are used to calculate Cl,, the value of the latter is at least 100 m-mole/kg. 


TaBLE 2. Cl concentrations found in intact mammalian nerves by other observers 
Cl concentration 


Observers (m-mole/kg fresh weight) Species 
Alcock & Lynch (1907) 60-5 Cat 
Amberson et al. (1938) 62 Cat 
Manery & Hastings (1939) 50-2 Rabbit 
Tupikova & Gerard (1937) 63 Dog 


TaBLE 3. Probable distribution of Na, K and Cl inside a cat nerve bundle. 
Intracellular Extracellular 


(m-mole/kg water) (m-mole/kg water) 
Na 41 245 
K 181-183 7-5 
Cl 0-17:5 190-210 


If we test the assumption that Cl,=Cl,=127 m-mole/kg (Robertson & 
Dunihue, 1954), we still find a rather high value of Cl, (50-60 m-mole/kg). 


On the other hand, if the second explanation is put to the test by 


taking Cl,/Cl,=Na,/Na, (which makes Cl,=194 m-mole/kg), we obtain 
0-17-5 m-mole/kg for Cl, in intact and desheathed nerves, which is the order 
of value to be expected if K and Cl are distributed in the intracellular water 
according to a Donnan equilibrium, such as has been claimed to exist in frog 
muscle (Boyle & Conway, 1941). It is generally agreed that most cells are 
deficient in Cl, and is therefore probable that Cl, is, in fact, of the order of 
190 m-mole/kg. 


Weight changes in isolated nerves 
It is known that frog nerves gain weight rapidly in ‘isotonic’ Ringer after 
desheathing. Shanes (1953) found that the increase in weight was 40% of the 
original weight after 3-4 hr. In the experiments of Dainty & Krnjevi¢ (1955), 
desheathed cat nerves in a standard Locke solution showed an average increase 
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in weight of 35% after 3 hr. It has also been shown by Alcock & Lynch (1907) 
that cat nerves which have been partly desheathed tend to increase in weight 
in ‘isotonic’ NaCl, but maintain a constant weight in 200 mm-NaCl. It does 
not follow that this last concentration is exactly that which would have been 
isosmotic with the normal contents of the nerve because the nerves studied by 


- Aleock & Lynch were allowed to soak in saline for 15 min before the initial 


weighing. Nevertheless, it indicates the order of magnitude to be expected. 
These facts are consistent with the suggestion made here that the nerve 
bundle contains a hypertonic solution, but they would also seem to indicate 
that at least some of the excess Na is bound to protein because: (1) if all the Na 
were free to diffuse rapidly away, there should be little swelling, and (2) nerves 


containing 240 mm-Na might well be isosmotic with 200 mm-Na(l, since the 


protein anion would produce only a small osmotic effect. 

All the swelling in desheathed frog nerves apparently takes place in the 
interstitial spaces (Shanes, 1953). This suggests that as the interstitial Na con- 
centration decreases, ions leave the axoplasm thus lowering the internal 
ionic concentration. The K concentration of desheathed nerves soaked for 3 hr 
by Dainty & Krnjevié (1955) was only 43 m-mole/kg water, which corresponds 
to K,;=105 m-mole/kg water, instead of the initial value of 181 m-mole/kg. 
As Na, had apparently increased to about 80 m-mole/kg, this was equivalent 


to the loss of about 40 m-mole/kg internal cation and must have been accom- 


panied by an equivalent amount of anions. 


CONCLUSION 
Cat nerves are bathed in an extracellular fluid which is substantially more 


concentrated than plasma. The high content in Na and K, which amount 


together to about 250 m-mole/kg, is probably associated with the connective 
tissue protein of the endoneurium, but the presence of a simple Donnan 
system is made unlikely by the comparatively high Cl content. The difference 
in ionic content between plasma and the nerve water (90 or more m-mole/kg) 
would in any case result in an internal hydrostatic pressure incompatible with 
the supply of blood. One cannot avoid the conclusion that some active mecha- 
nism, situated perhaps in the sheath, may be essential for the maintenance of 
this system by pumping water out fast enough to prevent’a large increase in 
pressure. 
| SUMMARY 

1. The mean concentrations of Na in fifty-one intact and sixteen desheathed 
cat nerves were 96-2 and 99:3 m-mole/kg fresh nerve respectively. 

2. The mean concentrations of K in fifty-three intact and fifteen desheathed 
cat nerves were 46-2 and 76-7 m-mole/kg fresh nerve. 

3, From the outward rate of Na diffusion from desheathed nerve it was 
concluded that 18% of the total is intracellular. 
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4, Even after 4 hr, inulin is present in the same concentration as in plasma 
in only 16-5% of the nerve water. 

5. The mean relative intracellular area in photomicrographs of bundles of 
cat nerves was 43-4%. 

6. On the basis of the data in 1, 2, 3 and 5, the following estimates have 

been made of the distribution of Na and K inside the nerve bundle: extra- 
cellular Na—245 m-mole/kg water; extracellular K —5-7 m-mole/kg water; 
intracellular Na—41 m-mole/kg water; intracellular K — 183-181 m-mole/kg 
water. The true values are probably within + 10% of these. 
1. The fractions of extra- and intracellular water in desheathed nerves 
were apparently 43 and 57% respectively, and in intact nerves, 65 and 35% 
respectively. The extracellular water in intact nerves may be divided into 
intra- and extrafascicular fractions which were about 26 and 39%. 

8. The mean Cl concentrations in seven intact and six desheathed nerves 
were 62°8 and 62-1 m-mole/kg fresh nerve. If it is assumed that Cl,/Cl, = 
Na,/Na,,, so that Cl, is 194 m-mole/kg water, the value of Cl, approximates 
that required by a K and Cl Donnan equilibrium across the nerve membranes 
(0-17-5 m-mole/kg water). 

9. It was concluded that endoneural protein is probably at least partly 
responsible for the hypertonic nature of the nerve fluids, but that some ad- 
ditional active mechanism in the nerve may well be necessary to account for 
all the features described. 


I am grateful to members of this Department who gave me ready access to cat nerves, often at 
very inconvenient hours. I am especially grateful to Miss J. W. Bowyer for her help in the dreary 
task of cutting holes out of photomicrographs. 
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EXPLANATION OF PLATE 


Fig. 1. Low-power view of section of sciatic nerve trunk from a cat, showing division of the nerve 
into separate bundles, the perineurium around bundles, and the comparatively loose epineu- 
rium, mainly between bundles. Some endoneural septa are also visible. Nerve fixed in 
Flemming’s solution, and paraffin sections stained with ponceau fuchsin and aniline blue. 

Fig. 2. Section of desheathed lateral popliteal nerve of cat, prepared as above. 


Fig. 3. High-power view of nerve fibres in a bundle from a section of an intact cat sciatic nerve, 
prepared as above. One of the photomicrographs used in the determination of the nerve 
intracellular area. 

Fig. 4. High-power view of the edge of an intact cat sciatic nerve bundle, prepared as above. The 
innermost layer of the perineurium is very compact, and stains darker, This is probably the 
site of the diffusion barrier. Endoneural fibrils (the Fibrillenscheide of Key and Retzius) 
may be seen as dark dots between nerve fibres. 
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THE RATE OF EXCHANGE OF “Na IN CAT NERVES 


By J. DAINTY anp K. KRNJEVIC* 


From the Biophysics Unit and the Physiology Department, 
Edinburgh University 


(Received 25 October 1954) 


The present investigation was begun in an attempt to verify a result of Manery 
& Bale (1941) that Na in mammalian (rabbit) nerve exchanges only very 
slowly with plasma Na in vivo. As the investigation proceeded it became clear 
that roughly quantitative information concerning the flux of Na across the 
nerve surface might be obtained. However it did not prove possible to make 
sufficiently accurate quantitative studies of the Na flux in situ, so a number of 
experiments on the rate of loss of **Na from desheathed cat nerves in vitro 
were carried out. From the results of the latter experiments estimations of the 
Na efflux were obtained. 
METHODS 

All nine cats used in the experiments were anaesthetized with intraperitoneal pentobarbitone 
sodium (Nembutal), small doses being subsequently given intravenously to maintain a light level 
of anaesthesia, | 

The solution injected was a mammalian saline (0-9% NaCl), made up from irradiated NaCl and 
obtained from the Atomic Energy Research Establishment, Harwell. At the time of injection, its 
activity varied between 0-40 and 0-50 mc/ml. The amount of solution injected was 5—7 mL., 
equivalent to a total of 2-15-3-50 me of “Na, 


Experimental procedure 

*4Na exchange in situ. The solution was injected into a femoral or a jugular vein and washed in 
by a few ml. of inactive saline; the time required for this operation was about 1 min. At intervals 
after the injection, 4-5 cm long portions of the posterior tibial, the lateral popliteal, or, sometimes, 
the medial popliteal nerves were removed from one or the other hind limb; a sample of carotid 
arterial blood was obtained simultaneously. The nerves were rinsed very quickly in inactive saline 
to remove superficial contamination with blood, and, after lightly blotting with filter-paper, were 
immediately weighed in platinum crucibles of known weights. The crucibles were placed in an air- 
oven at about 100° C for at least 5-6 hr, and, after cooling in a desiccator, weighed again. They 
were then left overnight in a muffle furnace at a temperature not exceeding 550° C. In the morning, 
the ash was dissolved in 5 ml. nitric acid (0°75 y). A portion of this solution (about 3 ml.) was 
diluted about x50, and the Na and K content then estimated by means of an Evans Electro- 
selenium flame photometer, with an accuracy rather better than 5% for Na and 10% for K. 
Details of the method and its accuracy are given in Krnjevié (1955). The rest of the nitric acid 
solution (about 2 ml.) was used to determine the “Na content of the nerve; this was always done 
within 24 hr of the end of the experiment. The heparinized blood samples were centrifuged soon 
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after removal, and 1-00 ml. samples of plasma pipetted into platinum crucibles; they were then 
submitted to a procedure exactly similar to that described above. 

There were four nerve and blood samples in each experiment, and they were taken at intervals 
after the injection which were not the same throughout the series. The first was usually after about 
5 min; the 2nd and 8rd were after intervals varying between 10 and 60 min, and the 4th was either 
after 60 or 75 min, or after some 5-5} hr. 

Loss of *Na from desheathed nerves in vitro. At least 4-5 hr after the injection of the active 
saline, one of the lateral popliteal nerves was dissected out and rapidly desheathed. About 6 cm of 
desheathed nerve was then fixed in a stainless steel clamp, which grasped firmly the two cut ends, 
and the nerve and clamp quickly weighed. Both were then plunged into a bath containing 10-0 ml. 
inactive Tyrode solution, stirred and oxygenated at 37° C. At intervals of about 5 min initially, 
later of 30 min, this bathing solution was replaced by 10-0 ml. fresh, inactive, Tyrode solution. 


The duration of this part of the experiment was 3 hr, and in this time twelve 10-0 ml. samples were | 


collected. The radioactivity of these samples was always determined on the same day. A more com- 
plete description of the desheathing procedure, and the diffusion apparatus and method, is given 
by Krnjevié (1955). 

The composition of the Tyrode solution wes was derived from one described by Strangeways 
(1924): 


Na 149-2 m-mole HCO, 11-9 m-mole 
K 2:7 m-mole H,PO, 0-4 m-mole 
Ca 1-8 m-mole Glucose 100 mg 

Mg 0-5 m-mole Water to 1-01. 


Cl 144-2 m-mole 


2% CO, in the oxygen bubbled through the solution, maintained the pH at about 7-4. 

At the end of the experiment, the nerve was weighed again after blotting lightly, and then 
portions were kept for (1) Na and K determinations, and counting of activity; (2) confirmation of 
the effectiveness of the desheathing by a histological examination of paraffin sections, after 
fixing in Flemming’s solution. 

Determination of the volume/surface area ratio. This was carried out by measuring the internal 
diameters of all fibres in photomicrographs of paraffin sections of lateral popliteal nerves. The 
nerves had been fixed in Flemming’s solution and dehydrated in dioxan. The magnification at 
which the photographs were taken was about x 700. According to Sanders (1947) the correction 
for the shrinkage of fibres caused by dehydration and paraffin embedding, after fixation in 
Flemming’s solution, is not von than 7%. This correction has been ignored in the present 
calculations. 

Counting procedures. Using a 0-100 ml, graduated pipette, about 0-070 ml. of the ashed nerve 
solution was pipetted on to a standard counting planchette. The drop of solution was evaporated 
to dryness and a measure of the amount of radioactivity obtained by counting, in a standard 
geometrical arrangement, with a GM 4 end-window counter and standard equipment (A.E.R.E. 
Type 1033 A power unit, E. K. Cole Type N 526 scaler and A.E.R.E. Type 1014 A probe unit). 
The measure of radioactivity, in counts/min, was corrected for lost counts (due to the finite ‘dead 
time’ of the GM 4 and probe unit), background counts and decay of the Na. No correction was 
necessary for source thickness. 

The radioactivity of the plasma samples was determined in a similar way. 

: The radioactivity of the 10 ml. liquid samples collected during the in vitro efflux experiments 
was determined by counting in a M 6 liquid counter. This method gave a perfectly standard geo- 
metrical arrangement and the factor to convert counts/min. ml. in this geometry to counts/min. ml. 
in the GM 4 geometry was determined experimentally. The same counting equipment was used 
with both the M6 and the GM 4 counters, and the usual corrections for dead time, background and 
decay were always made. 


In all cases, at least 1000 counts were recorded so that the standard deviation was never more 
than 3%. 
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RESULTS 
Rate of change of specific activity of nerve Na in situ 
The specific activity (S) of a nerve sample was calculated from its total Na 


content and its activity, and the Na content and activity of the corresponding 
plasma sample. The specific activity of the latter was taken as 100%. 


TasiE 1. The mean values of the specific activity of cat nerves at intervals after tho 
intravenous injection of “Na saline. The corresponding activity of plasma is 100%. 


Mean activity 
Time (min) (% 8.E.of mean No, of nerves 

5 45-2 9-0 6 

10 55-2 . 9-2 4 

21 71:0 6-0 3 

33 70-8 7-0 5 

68 88-5 10-4 8 
330 101+1 15-0 4 
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'S (specific activity of nerve in % of plasma specific activity) 
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Fig. 1. Values of S, the mean specific activity, of cat nerves removed at various intervals after the 
intravenous injection of Na saline, plotted as a function of time after removal, The specific 
activity of plasma is taken as 100%. The vertical lines show +8.5. of the mean. 


All the data obtained in this way were grouped according to the time of 
removal after injection; it was possible to arrange thirty results from nine cats 
in six groups, each containing at least three results. The averages of these 
groups, together with the s.z.’s, are given in Table 1. The values of S, plotted 
as a function of time, are shown in Fig. 1. 
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Rate of loss of *Na from desheathed nerves in vitro — , 
The method employed, which was similar to that of Levi & Ussing (1948), 


gave values for the loss of *Na during various time intervals. It was necessary 
to convert these figures into rates of loss of Na at various times. 


The radioactivity in counts/min of each 10 ml. sample was a measure of the amount of 
*Na which had left the nerve in a given interval of time, say from #, to t, sec. The number of 
counts/min divided by ¢, —¢, gives an approximate measure (P) of the rate of loss of *Na at time 
(t, +t,)/2 sec. To find more accurate values of the rates, the following procedure was adopted. 
P was plotted on semi-logarithmic graph paper as a function of time (¢,+#,)/2. Except for the 
first point, these approximate rates fitted two straight lines, so that the function was of the form 
Ae-*:t + Be-*:t, Using the values of K so determined, a more accurate value (Q) of the rate was 


K(t,-t)/2 
sinh K(t,~t,)/2 


derived as follows: 
the observed number of counts appearing in the interval t, tot, = Ne-*4 - Ne-*‘s assuming that 
the **Na is lost according to a simple exponential law. Therefore __ 
Ne-*4, —- Ne-*% 


_ 
= » where ( 


P (approximate rate) = 


+4)/2=t 


Q (true rate) =KNe-**, 
Therefore P KNe-¥tAt 


__ 
sinh K At/2" 


Straight lines drawn to fit the amended points (Q) did not differ sufficiently from the original 
lines to justify repetition of the whole procedure. 


In this way, except for the first point, the rate of loss curves, an example of 
which is shown in Fig. 2, were expressed in the form Ae-*:'+ Be-*:2!, The 
first point lay above this curve, but this is to be expected since the ‘fast’ part 
of the curve is to be interpreted as a diffusion process and hence must be ex- 
pressed as a solution of the diffusion equation for a cylinder; this is not a single 
exponential except for large t. 

The values of K deduced from the slopes of curves based upon five 
experiments are shown in Table 2. The mean value of the slow K (K,) was 
(4:35 + 0-19) x 10-* sec-4, and of the fast K (Ky) (32-24+2-1)x10- sec-. 
(The quoted errors are standard errors of the means.) 

Fraction of *Na in the slow component. The equations of the five curves were 
integrated and the fraction of *4Na in the slow component calculated from the 
constants of the new equations, suitable corrections being made to allow for 


the first point of the fast curve. The mean value was 23- ‘% of the total Na, 
with a s.E. of 4-9, 
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_ Time, min (main curve, closed circles) 
100 150 200 


g 8 


Rate of loss of “Na, counts/min per min (fast portion, open circles) 


100 


10 


w 
| 
Rate of loss of “Na, counts/min per min (main curve, closed circles) 


1 7 
0 20 40 60 80 
Time, min (fast portion, open circles)- 


‘Fig. 2. ®—@, Curve of rate of loss of “Na from a desheathed cat nerve at various times after 
being placed in a Tyrode solution. O—O, Curve of fast component of the main curve, ob- 

_ tained by subtraction of straight line produced back to time zero. The two curves have 
different scales both in the abscissa and the ordinate. 


Taste 2. Values of K, and K,, the rate constants of the slow and fast components governing the 
loss of **Na from desheathed cat nerves in vitro. K » was deduced from the straight portion of 


each diffusion curve. 

10°K, 

(sec~*) (sec~*) 
4°25 32-6 
3°93 28-7 
4-92 28-1 
4°75 31-5 
3-91 39-9 
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Rate of loss of *Na from an ‘intact’ nerve 
In one case the desheathing procedure was incomplete, so that the peri- 
neurium apparently remained intact, only superficial, epineural tissue being 
removed. The corresponding *Na rate of loss curve is shown in Fig. 3. The 
values of K, and Ky derived from this curve were 0-995 x 10-* sec-! and 
48-2 x 10-4 sec-! respectively. 


Rate of loss “Na, counts/min per min 


0 50 100 150 200 
0 5 10 ae 20 
Time (min) 


: Upper scale—main curve, closed circles 
Lower scale—fast po-tion, oven circles 
Fig. 3. @— ©, Curve of rate of loss of “Na from an ‘intact’ cat nerve at various times after being 
placed in a Tyrode solution. O—O, Curve of fast component of the main curve, obtained by 
subtraction of straight line produced back to the time zero. The two curves have different 
time scales. 


Change in weight of desheathed nerves in Tyrode : 

Of the five desheathed nerves studied, four were weighed before and after 
the in vitro experiment. All showed an increase in weight which varied between 
15 and 49%, of the initial weight (mean value : 35%). The average water con- 
tent of the nerves after the experiment was 74:8% and the Na and K con- 
centrations were 112-6 and 32-4 m-mole/kg nerve respectively. 
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vin which the specific activity of a single nerve was only about 50% after 
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*4Na space in cats | 
The proportion of the total body weight which may be considered as Na 
space was calculated from the volume and activity of the *4Na saline injected, 
the activity of plasma samples, and the body weight. It was assumed that the 
Na was singly distributed in body water. The mean value of the *4Na space in 
eight cats was 36-5 % (ml./100 g). (The standard error of this mean value was 


3-6.) In two kittens meluded in the above, the values were 43-6 and 581%. | 


Volume/surface area ratio of cat nerve fibres | 
Three groups of measurements of the diameters of axons in different photo- 
micrographs of lateral popliteal nerves were made by two observers. Every 
visible fibre was measured, i.e. about 150 in each photomicrograph. When the 


sections of the axons were not reasonably circular, two measurements were 


made at right angles to each other, and the mean value taken. The overall 
volume/surface area ratio for each group was calculated from the following 


equation: V/A = Sm dy, 


where d, is the diameter and n, the respective frequency. The three values of 


the ratio obtained agreed very well with each other: 1-97 x 10-4, 2-15 x 10 
and 2:20 x 10-*cm. For subsequent flux calculations a value of V/A equal to 
2:1 was taken, but this choice needs some qualification. The nerve fibres 
contain an inhomogeneous population of cells, for the’axon diameters varied 


between 1 and 16. It might be better, therefore, to use in the flux calculations 


a larger value of V/A than 2-1, which was obtained by summing over all 
axons. For example, if only axons with diameters greater than 5y are con- 
sidered then V/A is about 2-8; these axons would comprise about 80% of the 
total volume and hence, presumably, 80% of the intracellular Na. However, 
throughout this paper the volume/surface area ratio will be taken as 2-1 ,, but 
the correct value to use could be as high as 3y. 


DISCUSSION 
For convenience the Na was obtained from A.E.R.E. in the form of saline 
made up from irradiated NaCl. Irradiation of the chloride produces a small 
amount of #8P which might interfere with the interpretation of the experi- 


“mental results. However, by measuring the decay of a large number of various 


samples, it was verified that the amounts of long-lived **P were small enough 


24Na exchange in nerves in situ 
The exchange was more rapid than that described by Manery & Bale asa 
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68 min. It can be seen from Fig. 1 that the specific activity of the nerves in 
the present experiment reached 50% in less than 20 min. It was hoped the 
in vivo experiments would produce more definite evidence concerning the 
existence of a blood-nerve barrier as suggested by Davson (1951). However, 
the low accuracy of the experimental points (see Fig. 1 and Table 1) precludes 
any clear-cut decision on this, though the fact that the experimental points are 
below a curve constructed from the in vitro data on desheathed nerves does 
support the blood-nerve barrier hypothesis to some extent. 


The value of the specific activity (S) at 330 min was 101 % (+15). Thus it | 


can only be claimed from this result that at least 70% of the nerve. Na is free 
to exchange. 

It is not possible to calculate a value for the Na efflux from the results 
illustrated in Fig. 1 because of the large standard errors. 


*4Na exchange in desheathed nerves in vitro 


Initial exchange. The first part of the curve of loss of 4Na (Fig. 2) is con- 
sidered to represent the diffusion of **Na from the extracellular spaces. The 
desheathed nerve can be considered as a cylinder, radius a cm, with an initial, 


uniform, extracellular “Na concentration C,. After a time ¢ sec the average 


concentration will be 
C' = =40, Wa" | cai 
where £,, is the nth zero of 


Jo(B)=0 (B,=2-400), (2) 


and D’ js the effective diffusion coefficient of **Na in the extracellular space 
(Hill, 1928, p. 71; Keynes, 1954). 
After a short time (here about 2 min) only the first term of the series is 
important and equation (1) reduces to 


1 
C 


(3) 


The fast parts of the curves (see, for example, Fig. 2) thus give the quantity 
5-783D'/a* and a value of D’; the effective diffusion coefficient of 24Na in the 
extracellular space can be calculated. The radii, a, which ranged from 420 to 
560y, were calculated from the weights of the nerves. The mean value of D’ 
was (1-5 +0:3) x 10-* cm*/sec (range 1-0 to 2-2 x 10-* cm®/sec). This is to be 
compared with the self-diffusion coefficient of Na+ in 0-1 m-NaCl of about 
15 x 10-* em?/sec. The difference between these two values probably arises 
from the inexactness of the model chosen, which takes no account of the 
obstacles to diffusion present in a cylindrical bundle of nerve fibres. 

From this value of the effective coefficient of 4Na in the extracellular space 
of the nerve, it is possible to estimate how far diffusion affects the apparent 
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sodium efflux from the nerve fibres. A theory of this estimation has been given 


by Keynes (1954, pp. 376-379). By trial and error using Keynes’s equations 
(9), (16) and (18) a mean value for the ratio of Rppatent efflux to true efflux 
equal to 0-96 was found. 

Slow exchange. The loss of *4Na from nerve fibres into an inactive medium is 
given by 


Y=Y,e-*! (Keynes, 1951, p. 14, eqn. (7)), (4) 
where K, the rate constant, is given by. 
K=MA/C,V (Keynes, 1951, p. 14, eqn. (8)), (5) 


where M =efflux of Na in mole/cm?*.sec, V/A =volume/surface area ratio in 


em, C;=intracellular Na concentration in mole/c.c. 


The mean value of K (=K,) from measurements on five desheathed nerves 
was 4:35 x 10-4 sec-'. V/A is to be taken as 2-1 x 10-4 cm and C;=41 x 10-* 
mole/c.c. (Krnjevic, 1955). From these figures M =3-75 x mole/cm?.sec 
(This calculation assumes that the whole surface of the nerve fibre is available 
for Na exchange.) This figure should be increased by. about 4% to take account 
of the fact that exchange takes place into the extracellular fluid from which 
*4Na has to diffuse; the corrected value of the efflux, M, is 3-9 x 10-8 mole/ — 
cm*.sec. Combining the standard errors of K,, V/A and C; gives a standard 
error for M of about 0-6 x 10-'*. It should be remembered that there may be a 
systematic error of as much as 40% in the chosen value of V/A because of 
insufficient weighting of the larger fibres. The effect of the wide distribution of 
fibre size did not, however, reveal itself in any clear deviation from a simple 
exponential rate of loss of “Na. 

McLennan & Harris (1954) have carried out a somewhat similar experiment 
using pieces of the cervical vagus nerve of the rabbit. At 0° C they found a 
value of K,=1-0x 10-* sec-! and at 18°C a value of K,=2-0x 10- sec". 


_ These values agree rather well with our value of K,=4-35 x 10-* sec", which 


was obtained at a temperature of 37° C. However, the nerves used by 
McLennan & Harris were not desheathed, so their figures should perhaps be 
compared with our figure of K,= 0-99 x 10-* (at 37° C), which was obtained 
from a single experiment with an intact nerve (see below and Fig. 3). No 
exact comparison can, however, be made between the two experiments, which 
used different nerves and different methods of loading the nerves with **Na. 

The efflux of Na from the nerve fibres is 3-9 x 10-' mole/cm*.sec if it is 
assumed that the whole surface of the axons is uniformly available for the ex- 
change of Na. If only a region near the nodes of Ranvier allows free exchange, 
then the Na efflux is considerably greater, but in this case it is not immediately 
obvious that the rate constant (K,) governing the slow part of the curve of the 
loss of {Na can be used to determine the Na efflux, for diffusion along the 


- internodes might be the rate-determining process. In order to investigate 
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which is the rate-determining step, it is sufficient to calculate the change in 
concentration of Na in a cylinder, length 2/cm and cross-section 1 cm? 
whose surface is impermeable except at the two ends, at which permeation 
takes place at a rate proportional to the concentration gradient into an outside 
medium of zero **Na concentration. 

The equation to be solved is thus 
(6) 
ot Gat” 


‘e=Cy at t=0,|z\<! 


and the boundary conditions: mi 
| the at (7) 
where h=M/DO,, and M-=Na efflux across the ends of the cylinder, D =diffusion coefficient of 


*4Na in axoplasm, C;=concentration of Na in axoplasm in moles/c.c. 
The solution to this nba is (Carslaw & Jaeger, 1947, p. 100) 


2h cos 


where «,, is a root of « tan al=h, The rate of loss of “Na at time t 


dc 
2h*l 
where B, =%,! is a root of B tan B =Al. (10) 


The roots of equation (10) have been tabulated for various values of hl (Carslaw & J aeger, 1947, 
App. iv, table I). 


If hl<10-* then equation (10) reduces to B?==hl, B,=~(n —1) 7; it is thesehore justifiable to 


ignore all terms in equation (9) other than the first, so that equation (9) reduces to 
Rate of loss of =2DC,h 


Co. 
 =2M i, 


This is the equation to be expected when the rate-determining step is the efflux of Na across the 
membrane at the end of the cylinder. Thus the use of K, to find the efflux from a node of Ranvier 
is certainly valid if hi<10-*. If 1=0-075 em, D=10~- cm*/sec and =41 x 10~-* mole/c.c., then 
this condition corresponds to M <0-55 x 10-™ mole/em*.sec and M/IC, <2 x 10-* sec. 

The experimental value of M/IC; (K,) is about 20 times greater than this limit, corresponding to 
a value of M of the order of 10-* mole/cm*.sec and hl =10-. Table 3, calculated from Carslaw & 
Jaeger, App. iv, table I, shows how f{/hl depends on hl in the range (10-* to 1) appropriate to the 
present problem. 

TaBLeE 3. Values of f}/hi as a function of Al 


hl 0-01 0:02 004 006 008 010 020 040 060 080 1-00 
Pi/hl 0-998 0-994 oid 0-980 0-974 0-968 0-937 0-880 0-829 0-782 0-740 


It is clear that when Al~ 10-1, ie. M~ 10-* and M/IC;~ 4 x 10- sec-, 6? is only 
3-4% léss than hl, or the value of the efflux calculated from K, will be only 3-4% too low because 
of the effects of internal diffusion. Biven if 40 «10- hl~ 1-0, then the flux would 
be only about 25% too low, 
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mechanism of such concentrated, intense activity. This might then seem to 
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Thus, at least as far as the present discussion goes, the effects of internal 
diffusion along the internodes can be neglected. (It can also be shown that for 
values of Al <1 all terms higher than the first in equation (9) are unimportant.) 

An estimate of the magnitude of the Na efflux, assuming that it takes place 
only in the region of the nodes of Ranvier, can now be made. At the nodes the 
myelin-free gap is of the order of 0-5y (Hess & Young, 1952; Stampfli, 1952). 
The appropriate average diameter of the axons is 8-4 as determined from 
photomicrographs (see above). The approximate relationship between inter- 
nodal distance (Z, mm) and fibre diameter (d, ») is J =0-1d (Stampfli, 1952). 
Thus the average internodal distance is 1-5 mm if it is assumed that an 8-4 
axon has an external diameter of 15-5 u (Hess & Young, 1952, table 2, p. 309). 
If, therefore, Na exchange is confined to the myelin-free gap the Na efflux 
must be 1500/0-5 = 3000 times greater than 3-9 x 10-1” mole/cm?.sec, the value 
calculated on the assumption that the whole surface of the axon is permeable 
to Na. On the other hand, a length of the order of 10 in the region of the 
nodes may be permeable, for the membrane covering this length has different 
staining properties from the rest of the axon membrane (Hess & Young, 1952). 
If this 10 4 length is the permeable region then the efflux is 1500/10 = 150 times 
greater than 3-9 x 10-™ mole/cm?.sec. Both these values of the efflux should 
perhaps be multiplied by 2, for there is some evidence that the axon is half as 
wide near a node. Thus the approximate efflux values are: 


39x 10-™ mole/em*.sec if the whole axon surface is available for Na 
exchange, 

(1-2-2-4) x 10-§ mole/cm*.sec if only the myelin-free gap is available, 

(06-12) x 10-9 mole/cm*.sec if a 10u length in the region of a node is 
available. 


of nerve conduction 

The value of M calculated on the assumption that the whole nerve fibre 
takes part in the exchange of Na is of the same order as those values found by 
previous authors in other excitable tissues; but if it is assumed that exchange 
of Na can take place only at the nodes, M is of the order of 1000 x 10-* mole/ 
cm?.sec. If the latter is true the value of the resting membrane Na conductance 
(near a node of Ranvier) is very much greater in the mammalian myelinated 
nerve than in those described previously (e.g. Hodgkin, 1951). 


_ It would be rather surprising if the mammalian myelinated nerve membrane 


were to be so different, and it might well be rather difficult to explain the 
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argue against the saltatory conduction theory. However, another explanation 
is possible. 

According to Hodgkin (1951, p. 364, eqn. (19)), the Na conductance of the 
nerve membrane in a steady state is given by 


F°M Na 

Substitution of the appropriate values (including M = 3-9 x 10-1* mole/cm?.sec) 
yields a figure for Gy, of about 1-4x10-> mho/cm?. In the same article 
(table 7, p. 394) Hodgkin quotes a figure of 0-16x10° ohm.cm? for the 
resistance of the myelin sheath of a frog nerve fibre recalculated from Huxley 
and Stampfli. This is equivalent to a conductance of 6-25 x 10-* mho/cm®. If 


Gya= 


this value may be used here for comparison, it becomes clear that the myelin 


sheath conductance is probably of the same order of magnitude as Gy,, and 
hence also not very different from the total resting membrane conductance. 
This suggests that the series resistance provided by the myelin sheath only 
becomes an effective restriction during activity by passively preventing a 
flow of current adequate for local depolarization. 

One great advantage of this explanation is its simplicity; there is no need to 
postulate that the mammalian myelinated axon differs in any fundamental 


respect from the unmyelinated axon, and no special danas are cat of 


the membrane at the nodes. 


Intracellular *Na 

The fraction of “Na in the slow component of the rate of loss curves was 
calculated to be (23-9 + 4-9) °%. It has been shown that the apparent flux of Na 
from the cells is about 96 % of the true flux. This difference, which is due to the 
slowness of the diffusion of “Na from the extracellular fluid to the bathing 
fluid, implies that the mean specific activity of extracellular Na is about 4% 
of that of intracellular Na. Thus, when ¢ is large, the extracellular Na content 
is about 4y% of the intracellular **Na content, where y is the ratio of extra- 
cellular to intracellular Na. Since y is of the order of 4, about 13% of the 
activity in the slow component, when t is large, is extracellular. Also, during 
the first few minutes, the extracellular activity is much greater than this 
because some of the “Na initially in the extracellular fluid is still present; this 
high extracellular specific activity at small values of time decreases the rate of 
loss of intracellular “Na to values below those obtained by a linear extrapola- 
tion of the slow component to zero time. 

For these two reasons it is incorrect to say that a linear extapolation of the 
slow component to zero time gives a value for the fraction of intracellular Na. 
An exact analysis, to be published elsewhere, shows that the amount by which 


such a linear extrapolation must be corrected to give the intracellular “Na 
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depends, essentially, on the ratio K,/K », and that the correction can be quite 
large. In the present case the average correction is about 25%, the actual 
figure for the intracellular *Na being (18-1 + 3-3) % of the total *4Na (3-3 is the 
s.E. of the mean of five observations). 


Change in weight of desheathed nerves in Tyrode 

The increase in weight of 35° compares well with the value of 40% found 
in studies of desheathed bullfrog nerves by Shanes (1953). It is known that all 
the swelling in desheathed nerves takes place in the interstitial tissue (Lorente 
de Né, 1952; Shanes, 1953); therefore the extracellular water content of the 
desheathed nerve must increase from 43% of the total water (Krnjevi¢, 1955) 
to about 62 % after 3 hr in Tyrode solution. From these figures and the values 
of the K concentration (32-4 m-mole/kg nerve) and water content (74-8%) of 
the nerve it can easily be shown that the intracellular K concentration must 
have been reduced from a normal level of about 180 (Krnjevid, 1955) to about 
110 m-mole/kg water. 

Since there is nothing in the structure of the fibre that could prevent appre- 
ciable swelling, it is reasonable to suppose that the axoplasm remains in 
osmotic equilibrium with the surrounding fluid. Krnjevi¢ (1955) mentions 
evidence that the intracellular fluid is isosmotic with 200 mm-NaCl, despite 
the fact that the total intracellular concentration (Na + K) is about 223 m-mole/ 
kg water. If this relationship still held for the swollen desheathed nerves then 
the intracellular (Na +K) concentration would fall to 173 m-mole/kg when the 
extracellular fluid was Tyrode solution (155mm). On this assumption the 


< intracellular Na concentration must have increased from the normal value of 


41 to about 63 m-mole/kg water. 

However this, rather flimsy, argument seems to underestimate the increase 
in intracellular Na concentration; for the measured Na concentration in the 
swollen desheathed nerves was 150 m-mole/kg water. The obvious conclusion 
to derive from this figure is that the intra- and extracellular Na concentrations 
were both equal to about 150 m-mole/kg water. Thus is seems likely that, 
during the 3 hr exposure to Tyrode solution, there has been a net increase of 
Na of between 20 and 110 m-mole/kg water in the nerve axons. This increase 
would correspond to an average net influx of between 0-4 x 10-1? and 2:2 x 10-2 
mole/cm?.sec; however it is not known. how the net influx varied during the 
three hours, 

| *4Na exchange in intact nerve in vitro 
The slow rate of loss of Na from a nerve which had not been adequately 
desheathed (Fig. 3) agrees with present ideas about the permeability of the 
nerve sheath (particularly the perineurium). The small fast initial component 
of the curve presumably represents the diffusion of **Na adhering to, or actually 
present within, the superficial layers of the perineurium. The difference between 
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the rates of escape of “Na from this and from the other nerves may be com- 
pared with that found between intact and desheathed toad nerves in a oma 
study by Shanes owen 
*4Na space in cats 

The rather high mean value for the *Na space (36-5 %) is almost certainly 
caused by the inclusion in the series of two young kittens; the Na spaces in 
these latter were 43-6 and 581%. It is well known that young individuals 
have a much higher apparent extracellular space than adults of the same 
species (Manery, 1951). If the values obtained from the six adult cats only are 
used, the mean is 31-7°%,; this is a little higher than the values found by other 
observers in rabbits, dogs and man, quoted by Manery (1951), which is perhaps 
not surprising since the calculations in the present paper are based upon the 
activity of the last plasma sample, usually removed after 5-6 hr. 


SUMMARY 

1. The exchange of Na between cat nerve fibres and the 5 deckiliniitng fluids 
has been studied using **Na. 

2. The accuracy of the in situ experiments was low, but it could be con- 
cluded that 50°% of the nerve Na was exchanged in less than 20 min and that 
at least 70% was exchanged in 5-6 hr. 

3. The loss of **Na from desheathed nerves to Tyrode solution in vitro was 
attributed to two processes: a rapid diffusion from the extracellular fluid and a 
slower loss from the nerve fibres. From the ‘fast’ diffusion curves a mean value 
for the effective diffusion coefficient of **Na in the extracellular spaces equal 
to (1-5+0-3) x 10-* cm*/sec was calculated. From the ‘slow’ part of the 
curves a value for the rate constant (K,) governing the loss of *Na from the 
nerve fibres was deduced; this was K,=(4-35+0-19)x10-* sec-!. It was 
calculated from the parameters of these curves that (18-1 + 3-3)% of the *Na 
in the nerve was intracellular. (The quoted errors are standard errors of the 
means of five observations.) 

4. From measurements on photomicrographs of lateral popliteal nerve 
sections the average value of the ratio of the total volume of the nerve fibre 
axons to the total surface area was found to be 2:1. 

5. A value of 39x 10-™ mole/em?.sec for the efflux (M) of Na from the 
desheathed nerves to Tyrode solution was calculated from the values of K, 
and V/A given in paragraphs 3 and 4, taking the intracellular Na concentration 
to be 41 x 10-* mole/c.c. This value of M was obtained on the assumption that 
the whole surface of the nerve fibre is available for the exchange of Na. If only 
a region near the nodes of Ranvier is available, then M =(500-25,000) x 
mole/cm?.sec. 


6. The significance of these values of M for the saltatory theory of nerve 
conduction is discussed. 
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7.. After the desheathed nerves had soaked for 3 hr in Tyrode solution their 
weight increased by 35%, the intracellular K concentration decreased from 
180 to 110 m-mole/kg water and the intracellular Na concentration increased. 

8. The “Na space’ of the cats studied was equal to 36-5% (ml./100g). 
(s.z. of mean of eight observations = 3-6.) 


We are grateful to Miss M. Forfar and Mr G. Renwick for their technical assistance during the 
course of the animal experiments, We are particularly indebted to Mr A. F. Huxley for his 
criticisms of the original manuscript and for many suggestions which have been incorporated in 
the present text. 
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FACTORS AFFECTING THE HYDRATION 
OF THE RABBIT CORNEA 


By FLORA J. PHILPOT* 
From the Department of Pharmacology, University of Oxford 


(Received 10 November 1954) 


When rabbit eyes are incubated in a moist chamber at 5° C there is a consider- 
able increase in the water content of the cornea. When they are incubated at 
31° C the increase in water content is very slight. The increased hydration oc- 
curring at 5° C may be reversed by subsequent incubation at 31° C (Davson, 
1954). The experiments indicate that an active process is concerned in pre- 
venting excessive hydration of the cornea, and that hydration is due to a 
failure of the normal mechanism, brought about by the slowing of the corneal 
metabolism at 5°C. 

Corneal epithelium has a high acetylcholine (ACh) content which is not 
affected by preganglionic section of the trigeminal nerve, but which falls after 
postganglionic section (von Briicke, Hellauer & Umrath, 1949). These authors 
also found that neuroparalytic keratitis occurred when the fall of ACh was 
severe, and claimed to have treated neuroparalytic keratitis, occurring in 
humans, with ACh with some success. Jaffé (1948) showed that postganglionic 
section of the cervical sympathetic led to a permanent fall in intraocular 
pressure; after preganglionic section the fall was only temporary. In view of 
these facts an investigation was made of the action of some inhibitors of 
cholinesterase and of atropine on the hydration of the cornea of the isolated 
incubated eye. , | 
_ Active transport of ions in mammalian red blood cells has been shown to 
depend on the integrity of the glycolytic system (Maizels, 1951). Avian red 
blood cells, on the other hand, are maintained by aerobic respiration (Maizels, 
1954). Basic, but not acidic, dyes and anticholinesterases have been found by 
Koch, Evans & Schicks (1953), and Koch (1954) to inhibit active transport of 
ions by the gill of the freshwater crab, Eriocheir siniensis M. Edw. The action 
on corneal hydration of some respiratory and glycolytic poisons, and of some 
basic and acid dyes has therefore been tested. 


* T.C.I. Research Fellow. 
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METHODS 
The eyes were removed from animals immediately after death. The right eye was injected, in the 


_ anterior chamber, with a small volume of 0-9% NaCl solution (1/60-1/20 volume of the eye) 


containing penicillin and streptomycin, each 100yug/ml.; the left eye was injected with the same 
volume of the substance to be tested, dissolved in the same solvent. After injection the eyes were 
washed gently in saline containing the antibiotics, drained on filter-paper and incubated in a moist 
chamber at 32° C. The concentration of test substance in the eye was calculated on the arbitrary 
assumption that an aqueous solution injected into the anterior chamber was diluted by the 
volume of the eye. This concentration could be too low by up to 50%. The results were expressed 
as g H,O/g solid matter. 

Some manometric experiments were carried out to test the effect of the same substances on 
cholinesterase and glycolysis. For the former, dog caudate nucleus (10 mg/ml.) was used as a 
source of enzyme. ACh was used as substrate at a final concentration of 10-* m. Corneal glycolysis 
was measured on fresh or frozen rabbit cornea. The rate of glycolysis was higher in fresh tissue but 
no difference in the action of inhibitors was observed. A whole or half weighed cornea was placed 
in a manometer vessel containing bicarbonate-Ringer with glucose 2 mg/ml. The gas space was 
filled with nitrogen 5% CO, mixture, and the liberation of CO, was measured at 37-5° C over a 
period of 90 min. The results were expressed as pl. CO,/100 mg tissue; inhibition as the percentage 
inhibition observed at 60 min. | 


RESULTS 
The degree of hydration of the control corneae in these experiments is nearly 
always higher than that found by Davson (1954), i.e. 3-55 g H,O/g in 16 hr. 
This is due largely to variation in incubation time. The hydration of the normal 
cornea increases steadily with time of incubation from 16 to 24 hr. Another 
factor involved is that the injection of saline into the anterior chamber pro- 


- duces trauma and a rise of pressure in the eye, which may affect the rate of 


hydration. 

Neostigmine, ditsopropylfluorophosphonate (DFP) and atropine, in varying 
concentrations, were injected into the anterior chamber at 32°C. In these 
experiments the eyes were removed from rabbits immediately after death or 
were taken from cats which had been anaesthetized for some hours but in 
which the circulation to the head was intact. Atropine and neostigmine, even 
in very high concentrations, 1-76 x 10-* m and 1 x 10-* om did not significantly 
affect the degree of hydration of the cornea. DFP appeared to produce a slight 
increase in the hydration of the cornea but only at a concentration of 8-15 x 
10 m. | 

Inhibitors of glycolysis. The same technique was used to study substances 
which affect glycolysis and respiration. In these experiments the time of incu- 
bation was between 18 and 23 hr. Freshly killed rabbit eyes and cat eyes 
removed at the end of operations were both used. The results of these 
experiments are shown in Table 1. KCN was without effect on corneal hydra- 
tion at concentrations below 10-*m. A concentration of 3-3 x 10-* m, which 
completely inhibited normal aerobic respiration, was without effect. At 
concentrations above 10-*m there was some increase in hydration. On the 
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other hand, monoiodoacetate (IAA) and sodium fluoride (NaF) both led to 
increased hydration at concentrations which normally inhibit glycolysis 
in other tissues. 2:4-Dinitrophenol (DNP) also increased hydration at a con- 
centration which would be expected to interfere with the metabolism of adeno- 
sine triphosphate (ATP). | | 


Taste 1. Effect of glycolytic and respiratory poisons on corneal hydration 


Percen- 
tage in- 
Left eye et e crease in 
Sub- Time of control in arte hydration 
stance Final concentration incubation g H,O/g gH,O/g of right 
‘Animal _ injected molar (hr) solid solid cornea 
Rabbit KCN 10-*-1-7 x 10-* 8-23 3-25-4-05 39-617 20-53 . 
and cat 
IAA 3-3x10-*-3-3x10-* 184-23 3-80-4-05 22-128 
and cat 3 
Cat NaF 2-5x10-*33x10-* 164-184 3-62-3896 425-472 19-21 
Rabbit DNP 1-2. x 10-*-1-7 x 10° 19 350-515 5-85-10-2 67-98 
and cat 
TaBxe 2. Effect of basic and acidic dyes on corneal hydration - 
Left eye Right eye increase 
Time of control injected hydration 
Substance Final concentra- incubation gH,O/g gH,O/g of right 
Animal injected tion molar (hr) solid solid cornea 
Methylene blue 5x10-°-5x10-* 18}-23 3:52-4:76 5:50-8:52 53-94 
and cat 
Thionine 5x10-*-5x10-* =: 184-19 3-65-5-18 6-27-6-90 21-80 
and cat 
Rabbit Phenosafranine 1-3 x 10-4 23 5-4 77 
Rabbit  Basicfuchsin 6x 10-4-10-* 193-23 8-92-9-:94 92-100. 
Rabbit  Gallocyanine 5 x 10-5-10-* 184-23  3-84-4-52 4-63-9-26 10-137 
Rabbit Trypan blue 8 x 22-224 445-452 497-540 10-21 


Action of dyes. The following basic dyes: methylene blue, thionine, pheno- 
safranine, basic fuchsin; and the following acidic dyes: gallocyanine, trypan 
blue, phenol red, 2:6-dichlorophenol indophenol, acid fuchsin, were tested 
over a wide range of concentrations. All the basic dyes were very active in 
inhibiting the process which prevents excessive hydration (Table 2). Methylene 
blue and thionine were active in a concentration down to 5x 10-'m. Of the 
acidic dyes gallocyanine was active in concentrations down to 5 x 10-5 m. Try- 
pan blue showed slight activity at a concentration of 10-*m. Phenol red, 
2:6-dichlorophenol indophenol and acid fuchsin were without effect. 

Since Koch (1954) found that both basic dyes and anticholinesterases 
interfered with active transport of ions in the crab gills, methylene blue, 
gallocyanine and phenol red were tested as cholinesterase inhibitors. The fol- 
lowing solutions were used : dog caudate nucleus 10 mg/ml., 1 ml.; dye 0:3 ml. ; 
ACh 10-* m,.0-3 ml.; final volume 3 ml. The results are shown in Fig. 1. Ata 
concentration of 10-8 M thethylene blue almost completely inhibited the 
enzyme, whereas gallocyanine and phenol red had an equal and very small 
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inhibitory effect. At a lower concentration (5 x 10-5 m) methylene blue still 
inhibited dog caudate nucleus cholinesterase strongly, but gallocyanine had 
no effect. At the same concentration (5x10-'m) the inhibition of the 
cholinesterase of the cornea by methylene blue was negligible. 

_ Freshly dissected, or stored frozen corneae were added to small manometer 
vessels containing bicarbonate-Ringer and the following solutions: glucose 
20 mg/ml., 0-08 ml. ; dye or inhibitor, 0-08 ml.; final volume 0-8 ml. The vessels 
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Fig. 1. Effect of dyes on cholinesterase of dog caudate nucleus. In each experiment the following 

--were used: dog caudate nucleus, 10 mg/ml. 1 ml.; ACh 10-! m, 0-3 ml.; final volume, 3 ml. 
Curve I, no addition; curve II, gallocyanine 5x 10-* m; curve III, gallocyanine 10~* m; 
curve IV, phenol red 10-* m; curve V, methylene blue 5 x 10-* m; curve VI, methylene blue 
10-* 


were filled with nitrogen and 5% CO,. Fresh corneae caused active glycolysis 
with a CO, output of about 70-80 yl./100 mg wet wt. tissue/hr. When the 
corneae were stored frozen this figure was reduced to about half. 

The inhibition of glycolysis, after 60 min, by methylene blue and gallocya- 
nine in a concentration of 10-* m was 20%. Basic fuchsin in the same con- 
centration inhibited to 50%. IAA at a concentration of 10~*m inhibited 
by 70%. When, however, the cofcentration of the dyes was reduced to below 
3-3 x 10-* m they did not inhibit glycolysis. Gallocyanine even had a slightly 
accelerating action. Inhibition by IAA was effective down to a concentration 
of 2-5 x 10-5 m (13% inhibition). These results are shown in Fig. 2. 
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Table 3 brings together the effect of [AA on the cornea and on glycolysis. 
Whereas the action of the dyes on the cornea was quite independent of their 
effect on glycolysis, IAA appeared to act through its inhibitory effect on 
glycolysis. When, however, the inhibition by IAA fell to 50% the residual 
glycolysis was sufficient to maintain the normal mechanism of the cornea, and 
IAA at that concentration no longer caused corneal hydration. : 
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Time (min) | 
Fig. 2. Effect of dyes and LAA on corneal glycolysis. Corneae in bicarbonate-Ringer with glucose 
2 mg/ml. Curve I, no addition; curve II, gallocyanine 5 x 10-* m; curve III, [AA 2:5 x 10-° m; 
curve IV, methylene blue, or gallocyanine, 10~-* m (identical curves); curve V, basic fuchsin 
m; curve VI, [AA 5 x 10-* curve VII, [AA m. 3 


TaBLe 3, Effect of IAA on glycolysis (in vitro) and corneal hydration in rabbits 


Left Righ in 
| eye ight eye crease 
Percentage § Time of control injected hydration 
Final concentration inhibition of incubation g H,O/g g H,0/g of right 
molar glycolysis (hr) solid solid | cornea 
10-*-3-3 x 10-4 69-77 20-224 4538-456 43-76 
5x 10-5 50 20-22 4-48-4-63 4:18-4:58 0-2 
DISCUSSION 


The results show that there are no experimental grounds for thinking that ACh 
metabolism is connected with the maintenance of the water content of the 
cornea. Neostigmine and atropine were without effect on corneal hydration, 
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whilst DFP had a very slight effect only at a concentration greater than 
that required to inhibit the cholinesterase present. 

Two groups of substances have been shown to interfere with corneal hydra- 
tion, glycolytic poisons and certain dyes. IAA has been found to lead to 
increased corneal hydration in a concentration of 10-* m or slightly below. At 
lower concentrations of IAA, although glycolysis was still inhibited by as 
much as 50%, the residual glycolysis was apparently enough to maintain the 
cornea in a normal condition. 

The action of the basic dyes and of gallocyanine on corneal hydration can- 
not be correlated with inhibition of either cholinesterase or of glycolysis. The 
basic dyes might be adsorbed at some specific anionic site on the cornea, where 
they exert their action. The absence of effect of the acidic dyes would be ex- 
plained by their failure to be adsorbed at the anionic site. 

At the pH of aqueous humour (7-3) gallocyanine would be ionized as a 
zwitterion. Its activity, alone among acidic dyes, in leading to increased 
corneal hydration is therefore probably due to its close structural resemblance 
to methylene blue. 


Methylene blue 


This would imply that some more specific factor than the pases on the mole- 
cule is concerned with the adsorption of methylene blue and dyes of similar 
structure on the cornea. Koch et al. (1953) found that basic dyes were adsorbed 
on crab gill membranes and interfered with active transport of ions, whilst 
acidic dyes, including gallocyanine, were without effect. He also found that 
anticholinesterases interfered with active transport of ions (Koch, 1954). In 
view of the concentration of anticholinesterases which had to be used in order 
to affect active transport (10-* m and higher), it is unlikely that they were 
acting by inhibiting cholinesterase. It is more probable that anticholinesterases 
were adsorbed on to the cholinesterase which is situated at the outer surface 
of the gill membrane, and there interfered with active transport of ions by a 
mechanism similar to that of basic dyes on the cornea, and not by cholin- 
esterase inhibition. The effect of anticholinesterases on the activity of any 
membrane will depend on the amount of cholinesterase situated in the 
membrane. If the amount is high, enough anticholinesterase can be adsorbed 
to affect the permeability of the membrane by virtue of molecular size and 
structure. The failure of anticholinesterases to affect corneal hydration would, 
on this basis, be explained by the very small amount of cholinesterases in the 
cornea. 
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SUMMARY 


1. Various substances were injected into the anterior chamber of isolated 
rabbit and cat eyes, in order to determine whether they interfered with the 


process which prevents excessive hydration of the cornea during incubation of 


the eye at 32° 0. 

2. Neostigmine and atropine had no effect. Diisopropylfuorophosphonate 
(DFP) at a concentration of 8-15 x 10-* m led to a slight increase in corneal 
hydration. 

3. Monoiodoacetate (IAA), sodium fluoride and 2:4-dinitrophenol (DNP), 
in concentrations which inhibited glycolysis and metabolism of adenosine 
triphosphate, led to increased corneal hydration. Potassium cyanide had no 
effect at concentrations below 10-* a. 

4, The basic dyes methylene blue, thionine, phenosafranine and basic fuch- 
sin, and the acidic dye gallocyanine led to increased corneal hydration. The 


acidic dyes trypan blue, phenol red, 2:6-dichlorophenol indophenol and acid 


fuchsin had no significant effect. 


5. The action of the basic dyes and of gallocyanine on corneal hydration is 


not due to inhibition of cholinesterase or of glycolysis. [AA only exerts an 


effect on corneal hydration at a concentration which inhibits glycolysis by - 


more than 50%. 


6. The mechanism by which basic dyes may affect the hydration of the 
cornea is discussed. 
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VASOCONSTRICTOR ACTIVITY IN THE RABBIT’S BLOOD 
AND PLASMA 


By J. ARMIN anp R. T. GRANT* 
From the Clinical Research Unit, Guy’s Hospital, London, S8.E. 1 


(Received 22 November 1954) 


The following observations were undertaken primarily to obtain further 
information about the vasoconstrictor properties acquired by the circulating 
blood as the result of haemorrhage. They have led to a considerable clarifica- 
tion of this problem and to other results of interest. The methods devised seem 
to have many other applications. 

In such work, a main difficulty is the ease and rapidity with which changes 
occur in shed blood, leading to the formation or release of vaso-active sub- 
stances. This makes it uncertain that a constrictor substance detected in, or 
recovered from, shed blood or its products was actually free in the circulating 
blood. A further difficulty is to relate the concentration of the constrictor 
substance detected in the shed blood to the vascular state of the animal from 
which it was withdrawn. Both these difficulties are in large part overcome by 
using rabbits as both blood donor and pharmacological test object and by 
observing certain precautions in the handling of blood. 

In the donor animal, the vessels are readily observable in the depilated ears. 
While the calibre of the vessels in a normal ear is determined mainly by the 
activity of the sympathetic nerves, that of the vessels in a chronically dener- 
vated ear depends mainly on the vaso-active properties of the circulating 
blood. In general, a greater or less constriction of the denervated ear vessels 
indicates a greater or less concentration of a circulating constrictor substance. 
But observation of the donor’s ear vessels alone permits neither the estimation 


_ of the concentration of the circulating substance in terms of a known standard 


nor the assessment of how far the vascular state is influenced by changes in 
blood pressure. We have therefore devised a method for rapidly transferring 


_ at will, from any available vessel of the donor, a small volume of blood (0-1 ml.), 


through a system of non-wettable tubes and taps, to the central artery of the 
denervated ear of a test rabbit. Our hope that the rapidly transferred blood 


* Working on behalf of the Medical Research Council. 
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would be but little changed in vaso-active properties was in fact realized. In 


general, when the donor’s denervated vessels are relaxed, the transferred blood 
causes little or no constriction of the test artery; when they are more or less 


_ constricted, the transferred blood provokes a correspondingly greater or less - 


constriction of the test artery. In the same preparation, larger quantities of 
blood can be withdrawn from the donor and the separated plasma injected into 
the test artery. The constrictor activities of blood and plasma can thus be 
compared and assayed in terms of adrenaline or other standard. “ 


‘METHODS 
Animals and their preparation — 
Rabbits with half or three-quarter lop ears were used mainly; albinos bin conidia The ear 
vessels are considerably larger than those of ordinary rabbits; this facilitates the introduction of 
catheters. 
The rabbits are prepared as described by Armin & Grant (1953). Anaesthetized animals are 
kept warm and their rectal temperatures controlled. 
Catheterization 
For the withdrawal of blood a polythene catheter is inserted, under local anaesthesia, into the 
artery or vein most suitable for the experiment in view. To insert the catheter into an ear vein, 


it is not usually necessary to adopt the technique described by Armin, Grant, Pels & Reeve (1952, 
appendix) for short-eared rabbits, It suffices to pierce the marginal vein with a hypodermic 


needle and, after withdrawing the needle, to insert the catheter through the hole in the vein. 
Bleeding, controlled with the finger, is negligible. The catheter can often be passed from the ear 


to the heart and sometimes to the posterior vena cava. In some animals bifurcation or narrowing 
of the marginal vein at the base of the ear prevents the passage of the catheter. 

It is important that blood should flow freely from the catheter. Therefore this should be as wide 
and as short as is feasible. For venous bleeding the tip is prepared as described by Armin et al. 
(1952, appendix); for arterial bleeding, a bevelled, unblocked tip is required. If more than a small 
volume of blood is to be withdrawn quickly, the catheter tip must lie in a large vessel. 

_ When blood is to be withdrawn for the separation of plasma from an unanaesthetized rabbit, 
it is important, for reasons given later, that catheterization should be carried out smoothly without 
causing the animal to struggle. To secure this it is sometimes necessary to quieten a lively rabbit 
with a small dose of pentobarbitone sodium (Nembutal, about 0-25 ml./kg). An hour is then allowed 
to elapse so that the effects of the anaesthetic pass off before proceeding with the observations. 


Apparatus 

Fig. 1 shows the arrangement of polythene tubes, Perspex taps and syringes used. The apparatus 
was made in the laboratory by Mr J. Benson. 

Tubing. All tubing is polythene; a suitable variety is that sold as ‘Polyethylene’ by Clay 
Adams and Co. Inc., New York. An end of this tubing held near a small flame forms a regular 
flare which makes a leak-proof junction with the tap nozzle (Fig. 3). The samples of polythene 
tubing made in this country that we have tested do not form a flare but a blob. 

_ Tube C1 going to the test ear is as described by Armin & Grant (1953), The other tubes are 
wider, internal diameter 0-58 mm, external 0-965 mm (Clay Adams and Co., no. PE 50). The 
length of C2 is such that it contains a measured volume of 0-1 ml. (approximately 37 om). (7 is 
short so that the needle of syringe 85 inserted into it reaches the tap. The length of the others is 
as short as is feasible. (6 is the catheter for insertion into the donor. The ends of the tubes to be 
joined to the taps are threaded through cap nuts and flared. To connect taps and syringes (except 
85) short pieces of polythene tubing are fitted with cap nuts and flared at each end. One end is 
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screwed to the tap nozzle. The other end is screwed to a Perspex union piece (Fig. 2) which is — 
- fitted with a short piece of wider polythene tubing. The syringe nozzle fits snugly into this wider 


tube. 

Taps. The small taps and their connectors are of Perspex (Fig. 3). Tap 1 is 4-way, the passages 
of the barrel being arranged so that any two adjacent nozzles can be connected. Taps 7'2 to 7'5 
are of the usual 3-way type. The taps are mounted on Perspex bases for clamping to supports. 


$3 
5 ml. 5 mi. 
$1 20 mi. 
Motor 
T3 driven 


Motor 
driven 


Fig. 1. Diagram (not to scale) of tubes (C), taps (7') and syringes (8) for transferring 0-1 ml. blood 
from donor to test ear and for bleeding donor. For description see text. 


Syringes. Syringes 81 to S5 are glen, lubricated with silicone (M.S. 200/1000 CS; Hopkin and 


| Williams, Ltd.); 81 and 84, 20 ml. capacity and motor driven (see Benson, appendix B in Armin 


& Grant, 1953); 82 and S83, 5 ml. and $5, 1 ml. capacity. Syringes $2 and 3 are arranged verti- 
cally. For bleeding, blood is withdrawn into 20 ml. glass syringes containing heparin and lubri- 
cated with silicone. When plasma is required, blood is withdrawn into a specially made Perspex 
syringe (4 ml. capacity) which also acts as a centrifuge tube (Fig. 4). A screw thread is cut in the 
base of the nozzle; a Perspex cap with a plastic washer in its base screws on to and seals the nozzle. 
The piston is pierced by a longitudinal hole into which is inserted a brass rod with a Perspex tip 
which seals the lower end of the hole. The syringe is lubricated with silicone and contains heparin 
(0-1 ml., 50 units heparin). The centrifuge bucket (3-5 x 9-25 cm) for use with the syringe contains 
a centrally-placed thin perforated metal sleeve into which the syringe fits snugly. The space 
between the sleeve and the wall of the bucket is filled with crushed ice. The prepared syringe and 
bucket are refrigerated (0-4° C) until required. 


Preparation of solutions and apparatus 

The NaCl, adrenaline and other solutions used are freshly prepared as described by Armin & 
Grant (1953). All apparatus must be clean. The Perspex taps should be dismantled and examined 
from time to time; the polythene tubing requires frequent renewal since deposits are apt to form 
from the blood. 


The apparatus in use 
Tis tubes abd. tapi shown 1 is filled with 0-9% (w/v) NaCl solution 
containing heparin (25 units/1 ml.), care being taken to exclude air bubbles and leaks. The free 
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end of the catheter (6 is inserted into the donor and a slow flow of saline (1-2 ml./hr) is started 
from $4 throngh 7'4, 05, 7'5 and C6. The needle attached to the free end of C1 is inserted into 
the central artery of the test ear and a slow flow of saline begun from syringe S1 through 7'3, C3, 
T'2, 02, T1 and C1. The saline in (4, being out of either circuit, is stationary. The test ear is 


Joint. Polythene tube 0-128 in. 
Union nut Push fit on Perspex 0-085 in. 
Fs in. diam. 6 } 
0-046 No. 62 drill 
0-038 in. 


in 


Fig. 2. Diagram of Perspex union piece; scale x 2-5. 


Head in. diam. 


Core in. diam. 
Srey With 5° taper incl. 


* 4 
ote te ta 


be ba be 


4BA 
Fig. 3. Diagram of Perspex tap; scale x 2-5. All Perspex except 
washer, nut and lever. 
Brass rod 
Plunger : Perspex plug Cap nut 


Knob 
soldered on 


Fig. 4. Diagram of Perspex combined syringe and centrifuge tube; scale x 0-5. 


Joint . Joint Taper 14° incl. 


arranged and observed microscopically as described by Armin & Grant (1953). Before transferring 
blood to the test ear, it is advisable to test the vasoconstrictor effect of saline alone. 

The method of transferring blood is best followed from Fig. 1. An assistant first draws blood from 
the donor through the various tubes by the suction of syringe $2. This involves turning the taps 
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in the following order: 7'1, to connect C'4 and C2, 7'3 to connect C3 and S82, 7'4 to connect C4 
and 05. He then withdraws the piston of 82 and blood passes from the donor by (6, 7'5, C5, 7'4, 
C4, 71, C2, T'2 and C3. As soon as blood unmixed with saline enters 03, withdrawal is stopped. 

The system is then arranged so that the 0-1 ml. blood in (2 can be injected into the test ear by 
means of syringe 83, The assistant turns 7'1, to connect (1 and C2, and 7'2 to connect 83 and C2. 

By pressing on the piston of 83 he injects the 0-1 ml. blood in (2 into the central artery of the 
test ear while this is obstructed centrally by the observer's finger. The observer sees saline 
followed by blood enter the artery. As soon as saline begins to follow the blood, the injection is 
stopped and the observer removes his finger. He watches the reaction of the test artery. As soon 
as injection is completed, the assistant turns 7'1 to connect C'4 and C2, 7'2 to connect C2 and C3. 
By pressing on the piston of §2 he washes back into the donor the blood remaining in ('3 and (4, 
C5 and C6. He then turns 7'1 and 3 to restore the saline flow from S1 to Cl and 7'4 to restore 
the flow from $4 to the donor. 

The transfer of blood occupies less than 15 sec; 5 sec to withdraw, less than 5 sec to adjust the 
taps and 5 sec to inject the blood. Another 10-15 sec is required to wash out the blood and restore 
the saline flows. This timing should be repeated with each transfer. It is not necessary to stop the 
motor syringes during this brief period. During transfer, blood should not be allowed to enter 
syringes S2 and 83; this is liable to happen when (’6 is in an artery and pressure is high. It is 
important that blood should not be allowed to enter and remain in the catheter (6 as is liable to 
happen when the catheter is in an artery and blood pressure varies. Blood lying in the catheter 
acquires a strong vasoconstrictor property. To ensure freedom from blood before an arterial 
sample is withdrawn, the catheter is flushed with saline. 

To separate plasma, tap T’5 is turned to connect C'6 to 86 and 4 ml. blood is withdrawn into the 
chilled Perspex syringe. This occupies 10-15 sec for arterial and 15-30 sec for venous bleeding. 
The cap is then replaced, and withdrawal of the brass rod allows the piston to be removed without 
disturbing the blood. The syringe, now a centrifuge tube, is ine into the bucket, qviekly 
counterpoised and spun at 3500-4000 rev/min (radius 16 cm) for 5 min. I diately after st 
the plasma is pipetted off (siliconed Pasteur pipette) into a siliconed aianeiiiniiand tube and kept 
in crushed ice in a Dewar flask. Immediately after the withdrawal of blood from the donor, an 
assistant washes the blood from the tubes and tap and restores the saline flow. Plasma (about 
2 ml.) is ready for test within 10 min of withdrawing blood. 

To compare the activity of plasma with that of blood, 0-1 ml. of plasma is injected into the test 
artery from syringe 85 through (7, 7'1 and C1, the injection being made in the standard time of 
5 sec. Constrictor activity of blood and plasma is assayed in terms of adrenaline or other con- 
strictor substance injected into the test ear in the same way. 

In comparing the constrictor activity of blood or plasma with that of adrenaline, an important 
point is the quality of the adrenaline used. At one time we became aware over a period of several 
months that the response of the test arteries to adrenaline gradually diminished. On comparing 
the stock adrenaline powder with a newly purchased sample, it was just detectably darker in 
colour and on testing solutions of the two powders on the denervated artery and the rat’s uterus, 
the old sample was between 10 and 100 times less active than the new. The old sample had been 
in the laboratory for about a year, kept stoppered and in the dark. We have taken the precaution 
of frequently renewing the stock. 


Adrenalectomy 

The adrenal glands are removed with aseptic precautions by a one-stage operation (under 
Nembutal and local procaine) through flank incisions. The left gland is usually easily dissected out, 
ligated and removed. Occasionally it is attached to the left renal vein. The right gland is firmly 
attached to the posterior vena cava, and cannot be dissected free without tearing the caval wall. 
It is freed so far as possible by dissection round the margin and removed piecemeal. Remnants 
on the cava are cauterized. Sometimes the gland is crossed by a lumbar vein and for exposure of 
the gland this vein is double ligatured and cut. At operation, 10 mg cortisone (Cortisone acetate, 
Merck) is injected intramuscularly, and daily thereafter, 5 mg DOCA in oil. In each animal the 


va 
§ 
{ 
= 


516 | J. ARMIN AND R. T. GRANT 


completeness of removal was ultimately checked at necropsy and a search was made for accessory 
adrenal bodies. In only one instance a small accessory adrenal was found on the posterior wall of 
the vena cava near the site of the excised adrenal gland. 

The venous drainage of the adrenal glands varies. The right drains directly into the vena cava 
and often also into a lumbar vein. The left drains usually into a lumbar vein. The lumbar veins may 
open directly into the vena cava or the renal veins. 


The response of test artery 

The denervated ear artery is capable of detecting constrictor substances in high dilution (Armin 
& Grant, 1953) but, so far as our observations go, does not serve to identify them. The associated 
reactions of the minute vessels, however, provide useful indications. Adrenaline and noradrenaline 
are indistinguishable. In equal concentrations they cause arterial constrictions approximately 
equal in degree and duration. They also constrict the minute vessels, With concentrations of 10-° 
and greater, this constriction is apparent to the naked eye as a paling of the ground tone in the 
injected area. 5-Hydroxytryptamine (5 HT) is approximately 5 times less effective (some 
variation in different samples) than adrenaline as an arterial constrictor but has little or no 
constrictor effect on the minute vessels. Histamine is 10 to 100 times less effective than adrenaline 
as an arterial constrictor, dilates the minute vessels and is liable to cause the artery to oscillate in 
diameter and to provoke oedema in the injected area. We have not so far found inhibitors which, 
when given in single intra-arterial injections of 0-1 ml. are specific for any of these substances. 
Procaine 10-* potentiates not only adrenaline and noradrenaline but also 5 HT; mepyramine 
10-* and chlorpromazine (Largactil, 10-*, May & Baker) inhibit adrenaline, noradrenaline, hista- 
mine and 5 HT. Dibenamine (Smith, Kline & French) and Piperoxane (933F, Fourneau) do not 
greatly inhibit the constriction to adrenaline. Lysergic acid diethylamide 10-* (Sandoz) causes 
@ long-lasting constriction of the artery; the constrictor effect of 5 HT 
is not less than before that injection. 

In most experiments we have first tested the response of the artery to injections of pisenaline 
in concentrations differing by a factor of 10, to provide an index for the adrenaline equivalent of 
subsequent injections of blood and plasma. In some instances a closer estimate of the adrenaline 
equivalent was made. Frequently, and particularly in experiments involving bleeding, injections 
of adrenaline have been repeated after transfers of blood or plasma. According to Shorr, Zweifach, 
Furchgott & Baez (1951) the vaso-excitor material released into the blood by haemorrhage is not — 
itself a constrictor but potentiates the constrictor effect of adrenaline on the vessels of the rat’s 
meso-appendix. We have not found that repeated injections of blood or plasma from the bled 
rabbit alter the responses of the test artery to subsequent injections of adrenaline. 

In previous papers (Armin & Grant, 1953; Armin, Grant, Thompson & Tickner, 1953) the re- 
sponse of the test artery has been represented in the figures by a vertical line showing the duration 
of the reaction, headed by a fraction showing the initial diameter of the artery and its maximal 
change. Since it may be accepted that longer duration is usually associated with greater constric- 
tion, the fraction is now omitted to simplify the figures. For the drawing of the figures we are 
indebted to Miss 8. Treadgold, Medical Illustrator at Guy’s Hospital. 


RESULTS 
Preliminary observations to test the methods 
Effect of blood transferred from various vessels 
In the warm, resting, unanaesthetized or anaesthetized donor, whose normal 
and denervated ear vessels are relaxed, blood transferred from an artery, the 


right heart, jugular, iliac or femoral veins, anterior and lower posterior venae 
cavae, has only a slight and transient constrictor effect on the test artery, the 
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reaction passing off usually in 10-15 sec. Sometimes it may last as long as 
20-25 sec and sometimes it has no appreciable effect, the artery quickly 
returning to, and remaining at, its initial diameter when the observer removes 
his finger. The reaction is usually indistinguishable from that to saline and 
regularly less than that to adrenaline 10-". Many successive transfers can be 
made with but little variation in the effect. Occasionally, as with adrenaline 
(Armin & Grant, 1953) larger variations occur, usually explicable by faulty 
technique. 


Diaphragm 
Renal Iliac 
veins veins 
Posterior vena cava < 
Hepatic vein R 
410° 


Duration of adrenaline constriction 


Duration of constriction (min) 


~ 


Fig. 5. Responses of test artery to blood transferred from posterior vena cava when catheter tip 
at sites shown. Responses to adrenaline 10-” and 10-* shown on right of figure. 


When, in the anaesthetized animal, the catheter tip lies in the posterior 
vena cava, below the diaphragm but headwards of the entry of the renal veins, 
the constrictor activity of the transferred blood is greater and longer lasting, 
the adrenaline equivalent ranging from about 10-'° to 10-*. Fig. 5 illustrates 
the findings in one of a series of six experiments. A marked catheter was 
inserted into a femoral vein, passed to the right auricle and subsequently 
withdrawn and re-inserted in steps. The observer of the test artery was un- 
aware of the position of the catheter. At each step two blood samples were 
transferred. The rabbit was killed at the end of the experiment and the site of 
the catheter tip determined for each step. The greatest constrictor effect was 
provoked by blood withdrawn from close to the entry of the renal veins. In 
this instance it is nearly matched by adrenaline 10°. 

The constrictor effect of caval blood is like that of adrenaline in that it con- 
stricts the minute vessels as well as the artery of the test ear; the arterial 
constriction is potentiated by procaine (Fig. 6) and inhibited by Largactil 
_ (Fig. 7). These tests, however, are not specific for adrenaline. But in rabbits 
deprived of both adrenal glands 3-5 days previously, caval blood has no greater 
effect than that from the auricle or iliac veins. 
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These findings strongly suggest that the constrictor effect of caval blood is 
due to adrenaline (perhaps also noradrenaline) entering the blood stream from 
the adrenal glands. It is presumably so diluted in its passage up the cava that 
it is undetectable in blood from the auricle. This secretion of adrenaline is 
independent of splanchnic nerve activity. In two rabbits in which both 
splanchnic nerves were cut (confirmed by necropsy) 7 and 14 days previously, 
the constrictor activity of caval blood was of the same order as in intact 
animals. 


L 


Time (min) Time (min) 
| Fig. 6 Fig. 7 : 
Figs. 6 and 7. Responses of test arteries to transferred posterior caval blood (between diaphragm 
and right renal vein) at the minutes shown, before and after injection into the test artery of 
0-1 ml. procaine 10-* (Pr) Fig. 6; Largactil 10-* (Z) Fig. 7. 


It is clear from these observations that arterial and peripheral venous 
blood, transferred from the warm, resting, unanaesthetized or lightly anaesthe- 
tized animal has a negligible constrietor effect on the test artery. This, to- 
gether with the fact that the donor’s denervated ear vessels are themselves 
relaxed, is strong evidence that the content of active adrenaline or other 
constrictor substance is extremely low. The observations also provide evidence 
that in the anaesthetized animal there is a continuous small release of adrenaline 
from the adrenal glands, which is independent of nervous activity. 


Effects of plasma 

We consider first plasma separated from arterial and culshend venous 
blood. It is only here that the vaso-active properties of blood and plasma may 
be fairly compared. The 0-1 ml. blood transferred is blood from the immediate 
neighbourhood of the catheter tip. When 4 ml. blood is rapidly withdrawn, 
this volume must come from a wider area and, unless the blood is uniformly 
constituted, the constrictor activity of the 4 ml. sample may well differ from 
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that of the transferred 0-1 ml. sample. It is reasonable to assume that in the 
warm, resting animal, arterial and probably also peripheral venous blood is 
uniform in adrenaline content. But blood withdrawn from the vena cava may 
contain more or less blood from the adrenal veins with a higher adrenaline 
content depending on the position of the catheter tip in relation to these veins 
and on the conditions of flow, whether laminar or turbulent. 

Plasma separated from blood withdrawn from an artery or peripheral 
vein of a warm, resting, unanaesthetized or anaesthetized animal, and 
tested immediately (i.e. about 10 min after withdrawal of the blood) has 
sometimes no, but usually a slightly greater and longer lasting. constrictor 
effect than has transferred blood. The adrenaline equivalent is usually about 
10-4 or rather greater, but less than 10-1°, Occasionally, however, the con- 
strictor effect is much greater, the adrenaline equivalent ranging from more 
than 10- up to 5x10-*. There is no corresponding constriction of the 
minute vessels even with a gross arterial constriction. This suggests that the 
constrictor substance is not adrenaline-like but rather like 5 HT. The plasma 
kept in ice remains unclotted and unchanged in constrictor activity for at 
least 8 hr. | 

The greater constrictor activity of plasma is not due to the rapid withdrawal 
increasing the activity of the blood itself. In a rabbit weighing 2-3 kg at least 
three 4 ml. samples may be withdrawn, allowing an interval of about 10 min 
between each, without provoking a significant change in the activity of 
transferred blood. The plasmas from successive samples usually have equal 
constrictor effects. For example, three 4 ml. samples were withdrawn from 
the jugular vein of a 2-6 kg rabbit at intervals of 11 min. The separated plasmas 
caused slight constriction of the test artery lasting 28, 31 and 30 sec respec- 
tively (mean of three injections each). Adrenaline 10-" caused a transient 
constriction lasting 11 sec and adrenaline 10- a constriction lasting 73 sec 
(mean of three injections). 

The constrictor activity develops during the centrifuging of the blood. This 
has been shown by withdrawing blood into the Perspex syringe which is sur- 
rounded by ice and left attached to the junction piece of tap 5 (Fig. 1). Tap 5 
is turned to shut off the syringe and restore the saline flow to the donor. At 
intervals blood is then transferred to the test ear either from the donor or the 
syringe. Over a period of at least 30 min, the constrictor activity of the blood 
in the syringe remains unchanged and no greater than that of blood freshly 
transferred from the donor. It seems to be due to some change in the platelets 
and leucocytes, for a strong constrictor activity is associated with an abnormal 
appearance of the centrifuged blood. Usually the blood shows a well-defined 
white cell layer, 0-5-1 mm thick (total length of blood in syringe is about 
55 mm) between the red cells and the supernatant plasma. The plasma is 
cloudy except for the top few mm where it is clear. The separated plasma has 
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little or no greater activity than transferred blood. Occasionally, however, 
the plasma is clear throughout and there is no white cell layer, the plasma 
abutting directly on the red cells, or else there is an intervening pinkish layer 
of mixed white and red cells. The plasma has a strong constrictor effect. 
Abnormal layering of the centrifuged blood and strong activity of the plasma 
seems to be almost restricted to the blood of a few rabbits. Their blood, 
sampled at intervals over a period of 2-3 months, has almost consistently 
displayed these unusual features. The reason for this is unknown. We have not 
detected any technical fault as responsible nor any other difference in life or 
after death between these rabbits and those whose centrifuged blood has 
almost always been normal in these respects, These changes are prevented by 
using sodium citrate as the anticoagulant (1 ml. 3-8% sodium citrate to 4 ml. 
blood). This, however, is unsuitable for our purpose since the citrate seems to 
inhibit the constrictor effect of adrenaline on the test artery. 

In rabbits whose plasma from peripheral venous or arterial blood shows the 
usual findings, the plasma separated from posterior caval blood has a constric- 
tor activity equal to, less or greater than that of transferred blood. This seems 
to be due to a varying admixture of adrenal vein blood. After excision of the 
adrenal glands, caval plasma is like that of peripheral vein blood and slightly 
greater in activity than transferred blood. 

It seems, therefore, that the process of separation usually leads to an 
increase in the constrictor activity of plasma as compared with that of blood, 
and which is probably due to the release of a substance like 5 HT from the 
formed elements. In most animals, the increase is almost always small and 
for our purpose negligible. A plasma weakly constrictor for the test artery 
does not interfere with the assay of adrenaline added to the plasma by the 
rat’s uterus. A strongly constrictor plasma, however, stimulates the uterus 
and augments the subsequent contraction to carbachol. 


Effects of blood and plasma after adrenaline injection 

It has been shown (Grant, 1935) that 1 wg adrenaline injected intravenously 
causes a moderate constriction of the denervated ear artery lasting about 4 min. 
Provided that transfer follows quickly after injection, adrenaline can be 
detected in the arterial blood for a brief period, as Fig. 8 exemplifies. In this 
experiment, a catheter was inserted into the normal ear artery of an anaesthe- 
tized rabbit and adrenaline, 1-0 ug in 0-1 ml. saline, was injected rapidly into 
the marginal vein of the opposite denervated ear. Six injections were made 
and each caused the expected constriction of the denervated central artery. 
Blood was transferred at the intervals after the injections shown in the figure. 
Blood transferred at 10 sec caused a constriction like that ordinarily provoked 
by adrenaline in a concentration of about 10-* (but not tested on this occasion). 
Transferred at 30 sec the constrictor effect was much less and by 60 sec had 
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declined to the pre-injection level. Adrenaline is similarly detectable in the 
blood (though in higher dilution) after the injection of 0-5 yg but not after 
0-1 pg. Plasma from blood withdrawn between 10 and 20 sec after the 
injection of 1-0 wg adrenaline also has a greater constrictor effect than has 
plasma from blood before the injection. : 


Duration of constriction (min) 
ee a 


2 3 4 5 6 7 8 

Time after injection (min) } ee 

Fig. 8. Summary of responses of test artery to arterial blood transferred at the times shown after 
six intravenous injections of 1 yg adrenaline. 


Effects of blood and plasma after stimulating the donor 

In the rabbit, anaesthetized or not, cooling the body stimulates the sympa- 
thetic nerves and constricts the normal ear vessels; the vessels of the de- 
nervated ear remain relaxed (Grant, 1935). In two experiments, illustrated by 
Fig. 9, a catheter was inserted into the marginal vein at the base of a normal 
ear and its tip passed 2 cm distally. The anaesthetized rabbit, at first warm, 
was cooled, rewarmed and again cooled. The rectal temperature and state of 
the normal ear vessels are shown in the chart. When the normal ear vessels 
were constricted, blood transferred from the normal ear vein exerted a slightly 
greater effect on the test artery than when the vessels were dilated. The 
denervated ear vessels remained dilated throughout. 

The slow flow through the constricted ear vessels does not allow the rapid 
withdrawal of a sufficient volume of blood for the separation of plasma. 

It has been shown (Grant, 1935) that nervous and muscular activity causes 
constriction of the rabbit’s denervated ear vessels due to the release of an 
adrenaline-like substance into the blood. This substance can be detected in 
transferred blood. In the experiment illustrated by Fig. 10, a catheter was 
inserted into the marginal vein of the normal ear and passed to about the heart. 
The rabbit was unanaesthetized and sat quietly on the bench. Transferred blood 
had little constrictor activity. Three times the rabbit was startled by making 
sudden noises and clapping it on the back. On the first occasion the animal 
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did not respond well and little constriction occurred in its denervated ear 
artery. On the other two occasions good constrictions were obtained. Owing 
to the difficulty of handling the animal, transfers could not be made so soon as 


40 

| | | 

Fat 2 6 9 15 20 28 32 37 41 45 49 57 61 65 69 72 76 79 88 93 
bo Time (min) 3 


State of donor’s normal ear vessels 


Fig. 9. Responses of test artery to normal ear vein blood transferred at min shown while donor 
is cooled, warmed and recooled, Changes in rectal temperature and donor’s ear vessels also 
indicated. 
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Duration of constriction (min) 
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8m 6m 4m | 37s 3m 5m 


after m=min, $= sec 


Vig. 10. Responses of test artery to arterial blood transferred at the min and sec shown 
before and after three stimuli (S', S8* and S*). ; 


after adrenaline injections in the anaesthetized rabbit, but it is clear that after 
the second and third stimuli the blood temporarily acquired increased con- 
strictor activity. 
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A gross constriction of the denervated ear vessels is more easily and 
regularly provoked by making the animal struggle for about 30 sec by, for 


example, holding a hind-leg. The degree of constriction seems to depend on 


how strongly the animal exerts itself. Not all rabbits struggle or struggle well 


when so held, and one animal may not struggle equally well on successive 


occasions. When the animal does struggle strongly, it is difficult to prevent 
displacement of the catheter. On a number of occasions, however, we have 
been able to transfer blood soon after a brief struggle which has resulted in a 
gross constriction in the denervated ear. Blood transferred within 30 sec of 
the end of the struggle has a greater constrictor effect on the test ear than 
control blood, the adrenaline equivalent ranging from 10-!° to 10-° in dif- 
ferent experiments. Successive transfers show that the constrictor activity 
quickly declines, returning to the control level within 5-10 min after the end 
of the struggle. 

We can confirm the earlier observations (Grant, 1935) that after removal of 
both adrenal glands, struggle still causes constriction of the denervated ear 
vessels. In numerous observations we have not detected any regular difference 
in the degree of constriction from struggle before and after adrenalectomy. 
Moreover, in two rabbits, 4 days after bilateral adrenalectomy, the constrictor 
activity of blood transferred after a struggle was of the same order as in the 
intact animal, the adrenaline equivalent being between 10- and 10-*. 

The constrictor activity of transferred blood is like that of adrenaline in that 
it affects the minute vessels as well as the arteries. To test the effect of potenti- 
ators and inhibitors on the constrictor activity, we separated plasma from 
blood withdrawn before and after a struggle which resulted in a strong con- 
striction of the donor’s denervated vessels. The constrictor activity of after- 
struggle plasma is, however, not only much greater than that of control plasma 
but also greater than that of blood transferred after a struggle, the adrenaline 
equivalent ranging from 10-® to 10-*. This enhanced activity seems due 
to some addition to the constrictor properties of the plasma during the 
process of separation and is associated with the rapid clotting of the heparin- 
ized plasma brought about by the struggle. The increased constrictor activity 


- is present before any visible signs of clotting; with clotting, the constrictor 


activity increases further, the adrenaline equivalent rising to between 10-® to 
10-7, 
While control plasma from the resting animal remains unclotted for at 


_ least 8 hr, after-struggle plasma clots within 1 or 2 hr of separation in spite of 


the 50 units of heparin in the Perspex syringe into which the 4 ml. blood is 
withdrawn. In one instance, the amount of heparin was doubled but in 2 hr 
the plasma had clotted to a jelly. Slight shaking of the after-struggle plasma 
from time to time hastens clotting, provoking the development of flocculi 
within about 30 min of separation. Repeated shaking sometimes, but not 
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always, causes a sparse granular precipitate to form in control plasma. In 
three rabbits the rapid clotting of after-struggle plasma was not prevented by 
bilateral adrenalectomy. 

After-struggle plasma differs also from resting sdeanad in being slightly but 
distinctly browner in colour. This seems to be due to the presence of haemo- 
globin, as shown by the blue colour in the benzidine test (Ingham, 1932); 
spectroscopic examination reveals the absorption bands of oxyhaemoglobin 
in the green and yellow. We do not know if the pigment is derived from 
blood or muscle, the absorption bands being too faint for accurate observation 


t 


Duration of constriction (min) 
Duration of adrenaline constriction 


B, P, Bz B; B, 


Fig. 11. Responses of test artery to blood and plasma withdrawn before 
and after a struggle. For explanation see text. 


with the reversion spectroscope. In the three adrenalectomized rabbits men- 
tioned above, although after-struggle plasma clotted quickly it did not differ 
in tint from resting plasma. 

_ Fig. 11 exemplifies these observations on the constrictor activity of blood 
and plasma before and after a struggle. In the experiment which this figure 
illustrates, a catheter was passed from the central vein of the left ear to the 
left superior vena cava (site determined by necropsy) in an unanaesthetized 
rabbit 4 days after bilateral adrenalectomy. Three transfers of resting blood 
(B,, B, and B;) all caused negligible constrictor responses from the test ear. 

Between the first and second transfers, 4 ml. blood was withdrawn and the 
plasma separated (P,). The rabbit then struggled for 20 sec. Blood (B,) was 
transferred at 23 sec after the end of the struggle; at 1 min 22 sec, another 


4 ml. blood sample was withdrawn. While the plasma (P,) was being separated, 
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blood was again transferred at 44 and 12 min and adrenaline 10-° and 10- 
injected into the test ear. The plasmas were then injected, P, at 15 min and 
P, at 70 min after separation. The figure shows that the constrictor effects of 
resting blood (B,, B, and B;) and resting plasma (P,) and of blood at 44 and 
12 min after struggle (B, and B,) are of short duration, much less than of 
adrenaline 10-*°. The adrenaline equivalent of blood 23 sec after the struggle 
(B,) is between 10- and 10~*. The constrictor effect of after-struggle plasma 
(P,) is considerably greater than that of B,, the adrenaline equivalent being 
a little greater than 10-®. Other observations have shown that the constrictor 
activity of blood transferred at this time after a struggle is no greater and 
usually less than that of blood transferred sooner after the struggle. The two 
plasmas were indistinguishable in colour; both gave a slowly developing trace 
of blue with the benzidine test; in both, oxyhaemoglobin bands were just 
detectable in the spectroscope. At the time of injection, neither plasma 
showed signs of clotting. Ten minutes later (30 min after separation from the 
blood) slight shaking caused a copious precipitate of coarse flocculi to appear 
in P,. Considerable further shaking provoked a sparse granular precipitate in 
P, 1} hr after its separation. 

We have not pursued these interesting effects of struggle on the coagulation 
of plasma. It is sufficient for the moment to recognize that struggling provokes 
such changes in the blood and that plasma separated from the blood of an 
active, or recently active, animal has a considerably greater constrictor effect - 
that that of the carvulating blood. 


The effects of haemorrhage 

The genietal pattern of the circulatory changes resulting from haemorrhage 
in the rabbit has been described elsewhere (Downman, Mackenzie & McSwiney, 
1944; Armin & Grant, 1951). A further point of interest is the change in heart 
rate. Soon after beginning bleeding and before blood pressure falls, the heart 
rate rapidly increases, rising from its initial rate of between 200 and 250/min 
to between 300 and 350. As blood pressure falls steeply, however, the heart 
rate slows by a variable degree; it may return to its initial rate. There- 
after the rate gradually increases, ultimately reaching 350—-400/min. Heart 
rate slows gradually after blood is replaced. Bleeding is associated with a rise 
of rectal temperature, probably due to diminished heat loss through peripheral 
vasoconstriction. In the rabbit, however, heart rate is independent of rectal 
temperature within the range 38-41° C. 

Additional details of the changes in the ear vessels are required here since 
they supply evidence for the release of a constrictor substance into the cir- 
culating blood of the bled animal. In the unanaesthetized or lightly anaesthe- 
tized rabbit, the vasoconstrictor effect of haemorrhage on the normal ear 
vessels depends mainly on the state of bodily warmth and less on the amount 
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of blood withdrawn, whereas in the chronically denervated or sympathec- 
tomized ear, vasoconstriction is determined mainly by the amount of blood 
loss and is independent of bodily warmth. If the quiet animal is kept just 
warm enough to maintain the normal ear vessels dilated (rectal temperature 
usually about 39°C), then even a small blood loss (about 5 ml. /kg) may 
cause a rapid and great constriction of the normal ear vessels. But if the 
animal is kept hot (rectal temperature over 40° C) a much larger haemorrhage 

(20-25 ml./kg, about one-third of the blood volume) sufficient to cause a steep 
fall of blood pressure causes only a slight and transient constriction of the 
central artery, though the ground tone of the ear pales a little. 

In the denervated ear, independently of the rectal temperature, a small 
haemorrhage has no obvious effect on the calibre of the vessels. As bleeding 
proceeds, however, the ear pales and the central artery constricts. After 
20-25 ml. blood/kg has been withdrawn, the ear is blanched and the central 
artery greatly constricted, to a quarter or less of its initial diameter. This 
constriction seems largely independent of mean blood pressure. If the blood 
is withdrawn slowly, the denervated artery may constrict and blood pressure 
rise before falling. Further, when blood pressure has fallen to low levels and 
subsequently rises, the denervated vessels remain constricted and relax little 
or not at all until the withdrawn blood is restored to the animal. Fig. 12 A 
illustrates the steep fall and speedy recovery of mean arterial blood pressure 
after the rapid withdrawal of 20 ml. blood/kg from an anaesthetized rabbit and 
the further rise of blood pressure when the shed blood is replaced. It shows 
also the rapid constriction of the denervated central artery with the fall of 
blood pressure, its persistence when blood pressure recovers and its gradual 
relaxation during blood replacement. In this example the shed blood was 
replaced after 15 min. In other instances we have waited 1 hr before replacing 
the blood; the constriction of the denervated artery persisted throughout the 
hour. 

These observations on the donor rabbit provide strong evidence that as a 
result of the rapid loss of about one-third of the blood volume (Armin et al. 
1952) the circulating blood acquires an increased constrictor activity that 
persists until the shed blood is replaced. By transferring blood and injecting 
plasma this increase is made evident in the test ear. Previous experience 
(Armin & Grant, 1951) showed us that large and rapid bleeding is apt to make 
unanaesthetized rabbits restless. Therefore, in view of what has been said 
about the effects of nervous and muscular activity we have used lightly 
anaesthetized animals for the further observations on the effects of haemor- 
rhage. We have not detected any material difference between the vascular 
responses to haemorrhage in the lightly anaesthetized and those of the un- 
anaesthetized donor. In the anaesthetized rabbit we have not observed 
increased coagulability or darkening of the colour of plasma by bleeding, nor 
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have we found the constrictor effect of after-bleeding plasma materially — 
greater than that of blood transferred after bleeding. eemdeatiare. plasma is 
less than that before bleeding. 


mm Hg 
BSS S88 Swe SES SE 


mm Hg 


Scale divisions 


Time (min) 


Fig. 12, Changes of mean arterial blood pressure (B.P.) and of diameter of denervated central 


artery resulting from bleeding (black rectangle) and restoring (open rectangle) 35 ml. blood 
(body weight 1-7 kg); A, 3 days before, and B, 4 days after, bilateral adrenalectomy. Blood 
pressure recorded by mercury manometer from femoral artery. 


The increase in constrictor activity after bleeding is greatest in posterior 
caval blood drawn from headwards of the renal veins. Blood or plasma drawn 
from this region within 1 or 2 min of the end of bleeding and injected into the 
test artery exerts a strong constrictor effect obvious to the naked eye. The 
area of injection blanches, the smaller vessels disappear from view and the 
central artery narrows to a barely visible thread. The constriction passes off 
slowly, the central artery returning to its initial diameter after 5-15 min. The 
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adrenaline equivalent of such blood and plasma is usually between 10-° and 
5 x 10-8, and on occasion it reaches 10-’. Successive blood transfers show that 


this activity soon declines to persist at a lower level, with an adrenaline — 


equivalent of 10-* to 10-*. When the shed blood is replaced the constrictor 
activity soon returns to about the pre-bleeding level, as Fig. 13 exemplifies. 
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Fig. 13. Responses of test artery to blood transferred from posterior cava at the times shown before 
and after bleeding and after restoring 60 ml. blood. The responses of test artery to adrenaline 
10—° to 10-” are shown on the right. Donor’s body weight 2-7 kg. Catheter tip 1 cm head- 
wards of right renal vein. 


Arterial and peripheral venous blood and plasma have weaker constrictor 
effects and an initial peak is lacking, the adrenaline equivalent rising from the 
low initial level to persist usually about 10-* though sometimes it is nearer to 
10-° and sometimes to 10-*, The constrictor activity remains more or less 
uniform until the shed blood is replaced, when it returns to about the pre- 
bleeding level. Fig. 14 A exemplifies the effect of transferred arterial blood 
(adrenaline equivalent nearly 10-™) and Fig. 15 that of jugular vein blood 
(adrenaline equivalent between 10~* and 10-8), Fig. 15 also shows that a further 
haemorrhage causes no material increase in constrictor activity. 


The nature of the constrictor substance 

The constrictor effect of after-bleeding blood or plasma on the test ear is 
indistinguishable from that of adrenaline. For example, Fig. 16 shows the 
details of the responses of the test artery to 0-1 ml. adrenaline 10-", 10-}pnd 
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10-* and, to plasma before and after bleeding and to 0-1 ml. pre-bleeding 
plasma containing adrenaline in a concentration of 10-* made by adding 
0-1 ml. adrenaline 10~-? to 0-9 ml. plasma. 

The constrictor effect of plasma is also like adrenaline in that it is potentiated 
by procaine and is inhibited by Largactil (Fig. 17). 
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Fig. 14. Responses of test arteries to adrenaline and to arterial blood transferred at the min 


shown before and after bleeding ( | ) and after restoring ( + ) 40 ml. blood; A, 7 days before, 
and B, 3 days after, bilateral adrenalectomy. Donor’s body weight 1-7 kg. 
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Fiz. 15. Responses of test artery to adrenaline and to jugular vein blood transferred at the min 
shown before and after bleeding ( | ) 56 ml. in two stages (40 and 16 ml.) and after replacing 
_ the blood (+). Donor’s body weight 2-9 kg. 
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When the adrenaline equivalent of plasma is, according to the test ear, 
about 10-8 or more, then the plasma in doses of 0-1 ml. added to the bath, 
- inhibits the subsequent contraction of the rat’s uterus to carbachol. It does 


not inhibit the contraction of the rat’s colon to carbachol as does noradrena- 
line. In three instances the adrenaline equivalent of after-bleeding caval 


5 
4 
3 
5 
Post-bleeding 
Plasma 
i? 
1 
i Pre-bleeding plasma 
6 containing =e 
adrenaline 10-¢ 
Post-bleeding 
4 plasma 
3 
2 
1 
0 2 3 


Duration of constriction (min) 


Fig. 16. Details of constrictor responses of test artery (a) to adrenaline 10-%, 10-* and 10-*, 
(b) to pre- and post-bleeding plasma from heart region, and (c) pre-bleeding plasma to which 
has been added adrenaline to give a concentration of 10-* and post-bleeding plasma. 


plasma was determined both by the test ear and the rat’s uterus with the 
results shown in Table 1. With the help of our colleague, Dr W. J. H. Butter- 
field, the estimations were made simultaneously. The results of the two 
methods seem to us to render it highly probable that after-bleeding plasma 
contains adrenaline in approximately the concentrations estimated, and that 
the noradrenaline content, if any, is unmeasurable by the rat’s colon. 


The source of the constrictor substance 


The observations described above strongly suggest that the adrenaline-like 
substance entering the blood stream comes, at least in large part, from the 
adrenal glands. Proof of this source is provided by further observations on 
rabbits deprived of both adrenal glands, 
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I, Rabbits without their adrenal glands and treated as described remain 
h, apparently well. Their resting blood pressures and pulse rates are within 
28 normal limits and after bleeding show the same changes as in normal animals; 
a in particular, there is no impairment of the quick recovery of blood pressure 
al 
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Pe, _ Fig. 17. Responses of test artery to after-bleeding plasma (P) from posterior cava, adrenaline 
ich 10-° (Adr) and then (at the min shown) to plasma diluted 100 times with saline (P-*) before 
and after 0-1 ml, procaine 10-* (Pr) and after Largactil 0-1 ml. 10-* (Z) and lastly plasma (P) 
after Largactil. 
e 
.r- | 1, Adrenaline equivalent of after-bleeding caval plasma 
"0 Denervated ear artery Rat’s uterus 
(1) >10-*, <2 x10-* =5 
(2) >05x10-*, <10-* x 10-* 
at (3) =10-* >10-*, <2 x10-* 

{ after a rapid haemorrhage of 20-25 ml./kg body weight. The denervated ear 
vessels also constrict, but more gradually and to a less degree than in the 
normal animal; the central artery is reduced only to about half its initial 

ke diameter instead of to a quarter. Fig. 12 A and B exemplifies the changes in 
he blood pressure and ear artery diameter in response to bleeding the same animal 
on 3 days before and 4 days after bilateral adrenalectomy. That the reduced 

} constriction is not due to some effect of the first bleeding is shown by the fact 
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that adrenalectomized rabbits previously unbled display the same reduced 
constriction of their denervated vessels in comparison with other bled rabbits 
with intact adrenals. 

To display this reduced constriction, it is important that the rabbit should 
remain quietly asleep. On several occasions, the rapid bleeding has caused the 
lightly anaesthetized animal to move restlessly ; the movements were associated 
with a rise of blood pressure and an increase of the constriction of its dener- 
vated ear artery, reducing its diameter from about half to about a quarter its 
pre-bleeding calibre. When the movements ceased the additional constriction 
gradually passed off. Too rapid replacement of the shed blood may also cause 
movements associated with a temporarily increased arterial constriction. It has 
been seen that muscular activity causes constriction in the unbled adrenalec- 
tomized animal. 

In the adrenalectomized animal the constrictor activity of arterial and 
peripheral venous blood is increased above the pre-bleeding level, but the 
increase is less by a factor of about 10 than in the normal rabbit. Moreover, 
caval blood does not differ significantly in activity from arterial blood. Thus, 
in four experiments on rabbits without adrenal glands, the adrenaline equiva- 
lents of arterial blood transferred after bleeding were in two a little less and in 
two a little greater than 10-*°. In three experiments, the equivalent of caval 
blood transferred was equal to, a little greater and a little less than adrenaline 
10-%, Fig. 14 exemplifies the activity of transferred arterial blood after 
haemorrhage: A, 7 days before, and B, 3 days after, bilateral adrenalectomy 
in the same animal. 

This activity remaining after extirpation of the adrenals is also adrenaline- 
like since it is prolonged by procaine and inhibited by Largactil. We do not 
know its source, but it may well be released from endings of any of the 
sympathetic nerves stimulated by the bleeding. Granaat (1953) has suggested 
that vaso-active substances from the spleen may serve to regulate arterial 
blood pressure. We have found that excision of the spleen does not alter the 
constriction of the bled animal’s denervated ear artery or the constrictor 
activity of its blood transferred either before or after excision of the adrenals. 
Shorr et al. (1951) attribute a renal origin for their vaso-excitor material 
(V.E.M.) present in the blood of the bled dog. In the rabbit, bilateral ligature 
of the renal artery and vein or excision of both kidneys is without effect on the 
responses to haemorrhage. 

The discharge of the adrenaline-like substance from the adrenal glands is due 
to stimulation of the splanchnic nerves. In the two rabbits referred to earlier 
in which the splanchnic nerves had been cut 7 and 14 days previously, the 
constrictor activity of caval blood was equivalent to adrenaline 10-# when 
the catheter tip was 1 and 2 cm respectively headward of the right renal gland. 
Rapid bleeding of 20 ml./kg increased the constrictor activity but slightly, 
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the adrenaline equivalent rising to a little greater than 10 but less than 10-® 
and persisting at this level until the shed blood was replaced 15~20 min later, 
when it returned to about the pre-bleeding level. As in adrenalectomized 
rabbits, the donor’s denervated ear artery constricted more slowly and to a 


Jess degree than that usually seen in intact animals. 


DISCUSSION 
The methods devised have several advantages for investigating the vaso- 
active properties of blood: (1) Evidence of constrictor activity is based on 
direct observation of the calibre of the blood vessels themselves and these are 
exposed to view without dissection. (2) The denervated ear vessels can detect 
vasoconstrictor substances in high dilution (Armin & Grant, 1953). (3) The 
use of the rabbit for both donor and test object avoids the difficulties that may 
arise from species differences. (4) Observation of the donor’s denervated ear 
vessels, indicating the activity of the circulating blood, provides a check to the 
activity determined in the blood after withdrawal from the body. It has been 
seen, however, that a strong constriction of the donor’s vessels does not neces- 


_ sarily mean a strong constrictor activity of the circulating blood at the moment 


of withdrawal. Thus, after the intravenous injection of 1 yg adrenaline into 
the donor, constrictor activity of transferred blood rapidly declines and 
becomes undetectable within 1 min of injection, yet the donor’s artery re- 
mains constricted for several minutes. In the test ear also, the injection of | 
0-1 ml. adrenaline 10-’ provokes a constriction lasting for 10-15 min, although 


_ the adrenaline within the vessel must be washed away by the blood re- 


turning to the vessel as soon as the observer’s obstructing finger is removed. 
It is already known that injected adrenaline disappears rapidly from the blood 
and that it may disappear at a time when some physiological effects are still 
visible (Bacq, 1949). (5) The fact that transfer requires only 0-1 ml. blood not 
only allows many observations to be made without materially depleting the 
donor’s blood volume, but also allows the investigation of local concentrations, 
as the observations on caval and ear blood exemplify. The factor limiting the 
interval between successive transfers is the duration of the reaction in the 
test ear plus the 2 or 3 min we customarily allow after the observed end of the 
reaction in order to avoid possible cumulative effects (Armin & Grant, 1953). 
(6) Comparison of the effects of blood and plasma provides an index to the 
changes that may be produced in plasma by the process of separation. Pro- 
vided there is no material difference between them, plasma can fairly be used to 
investigate the nature of a constrictor substance by methods for which whole 
blood is unsuitable. 

The results indicate: (a) that the methods allow blood to be transferred from 
one animal to another in the same, or nearly the same condition (at least in 
respect of its constrictor action on ear vessels) as that in which it circulated in 
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the donor’s body; and (6) that in most resting rabbits, plasma can be separated 
with but little further change. The precautions we have found to be necessary 
to accomplish this, are essentially those detailed by Code (1952) for obtaining 
low histamine values in rabbit plasma and by Gaddum, Peart & Vogt (1949) 
for preventing the appearance in cat’s plasma of substances interfering with 
their pharmacological tests. These precautions are, speed, contact of the blood 
with only non-wettable surfaces, gentle handling, cooling, and heparin as the 
anticoagulant. During the rapid transfer, blood is in contact with only poly- 
thene and Perspex, except where it passes through the short length of stainless 
steel hypodermic needle inserted into the artery. Even this can be avoided by 
introducing the catheter through a wider needle inserted into the artery. This, 
however, does not alter the effect of transferred blood on the artery and has the 
disadvantage of causing greater local trauma during introduction and the 
subsequent escape of saline and blood at the site of insertion. The use of the 
combined Perspex syringe and the centrifuge tube not only ensures rapid 
withdrawal of blood even when the animal has been bled, but also avoids the 
transfer of blood from one container to another. Such transfer is liable to 
cause haemolysis; we know from previous experience that to avoid traces of 
haemolysis requires even greater care in handling rabbit than human blood. 
The precautions adopted are, however, insufficient to prevent the rapid 
development of a considerable constrictor activity in the separated plasma in 
(1) the muscularly active or recently active animal, and (2) a few animals even 
in the resting state. Gaddum et al. (1949) also found that sometimes, in spite 
of their precautions, interfering substances appeared in cat’s plasma. 

Judged by the test ear, arterial and peripheral venous blood from the warm 
and resting animal has a constrictor activity equivalent to adrenaline less than 
10-4, to histamine less than 10-*; the activity of plasma is slightly greater. 
According to West (1947) rabbit’s blood contains adrenaline (but not nor- 
adrenaline) in an average concentration of 0-09 g/ml. (9 x 10-8); he suggests 
that the majority of the adrenaline is carried in the red cells since the amount 
of adrenaline in plasma was unmeasurable by his tests (apparently less than 
3x 10-*). For histamine in blood, the values quoted by Code (1952) range from 
1 to 5 g/ml. (1 x to 5 x 10-*) and the lowest value for plasma is 0-05 ug/ml. 
(5x 10-*), Holgate (1953) finds even more histamine in rabbit plasma, 
3-20 g/ml. and also evidence for the presence of 5-hydroxytryptamine in a 
concentration of approximately 0-6 ug/ml. 

It seems, if our results are accepted and if blood does contain these patent 
vasoconstrictors in such concentrations, that their usual effect on the sensitive 
denervated ear vessels of both donor and test rabbit must be in some way 
prevented. It is conceivable, but unlikely, that their constrictor effect is 
balanced by some opposite property of the circulating blood or that the vessels 
are habituated to their presence in the blood. Emmelin (1945) provides in- 
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direct evidence suggesting this latter possibility in the case of histamine. A 
more likely explanation is that they are in some way bound or held within the 
cellular elements and thus rendered inactive until released, or formed from 
precursors, during the handling of the blood. Emmelin (1945) points out that 
the more the methods have been improved, the smaller has become the part 
of the total blood histamine which can be found in plasma. Code (1952) con- 
cludes that normally histamine is held safely within the cells of the blood so 
that little or none is free in the plasma to produce physiologic effects. Recently, 
Humphrey & Jaques (1954) conclude that the histamine and serotonin found 
in the blood of various species (including rabbits) is almost all contributed by 
the platelets. When damage to platelets is minimized, the amounts of these sub- 
stances found in the plasma are very small indeed, of the order of 0-002 yg/ml., 
a concentration of 2x 10-*. It is known that adrenaline added to blood is 
taken up by the cells (Bain, Gaunt & Suffolk, 1937). Our observations provide 
no evidence on the total amount of these substances to be found in the blood; 
they show only that blood and plasma from a resting rabbit exert a negligible 
constrictor effect on the denervated ear vessels except in the case of blood 
from the posterior vena cava near the entry of the renal veins and that here 
the constrictor effect is due to adrenaline, or noradrenaline or both, released 
from the adrenal glands. | | 
The results also show that increased constrictor activity can be detected in 
the circulating blood as the result of nervous and muscular activity. Gaddum 
& Kwiatkowski (1938, 1939) found that in the perfused ear, stimulation of the 
sympathetic nerve causes vasoconstriction and the release of adrenaline into 
the perfusing fluid; according to Outschoorn (1952) the release of adrenaline 
is accompanied by larger amounts of noradrenaline. In the more natural 
conditions of our experiment, a slightly greater constrictor activity is detect- 
able in the normal ear vein blood when the ear vessels are constricted by 
cooling the body than when they are dilated in the warm anaesthetized animal. 
The fact that the denervated ear vessels of the cooled rabbit show no con- 
striction is evidence that the substance entering the blood stream is small in 
amount. It must soon be removed from the blood or diluted below an effective 
concentration, This increased activity is presumably due to a ‘spill over’ of 
adrenaline and noradrenaline released from the nerve endings in the vessel 
walls of the donor’s normal ear. But it is uncertain whether or not this ‘spill 
over’ is greater when the vessels are constricted than when they are dilated. 
It might be that a constrictor substance is continuously released and that 
vasoconstriction, by reducing blood flow, merely raises its local concentration 
to a detectable level. | 
Cannon (1929) detected ‘adrenaline’ in defibrinated caval blood from the 
frightened cat, but not after the removal of the adrenal glands, though the 
animal still showed all the characteristic indications of sympathetic stimula- 
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tion. Grant (1935) reported that the vasoconstriction in the rabbit’s dener- 
vated ear resulting from nervous and muscular activity persisted apparently 
unchanged after removal of the adrenal glands (confirmed by LeCompte, 
1941) and pituitary glands. White, Okelberry & Whitelaw (1936), however, 
found that after removal of the left and denervation of the right adrenal gland, 
struggle resulted in a barely detectable narrowing of the denervated arteries. 
Our new observations show that adrenalectomy does not apparently diminish 
either the constriction in the donor’s denervated ear after a struggle, or the 
adrenaline-like constrictor activity of transferred blood. The source of activity 
remaining after removal of the glands has not been determined. In view of the 
observations by von Euler & Hellner (1952) on the effects of muscular work 
in man, and by Gaddum & Kwiatkowski (1939) and Outschoorn (1952) on 
sympathetic stimulation in the rabbit, it may well be derived from an increased 
output of adrenaline and noradrenaline from adrenergic nerve endings. It has 
been seen, however, that further observations on the nature of the constrictor 
substance released by struggle are hindered by the changes occurring in the 
separated plasma. These changes lead to a rapid enhancement of the constrictor 
activity of plasma after withdrawal from the body, so that the constrictor 
effects of plasma after struggle cannot be taken as nearly the same as those of 
circulating blood. This enhancement is associated with rapid clotting of the 
_ heparinized plasma. We do not know the reason for this increased coagulability. 
Cannon and his associates (Cannon, 1929) have shown that in cats, strong 
emotion and also exercise shorten the coagulation time of blood, which effect 
they attribute to the release of adrenaline from the adrenal glands. Our 
observations refer, however, to heparinized plasma. The rapid clotting of 
after-struggle plasma is not prevented by adrenalectomy. 

We have found no previous reference to the other change we have observed 
in after-struggle plasma, namely the altered colour due to the presence of 
haemoglobin or myoglobin, which is undetectable or barely detectable 
in control plasma. This addition of pigment is apparently prevented by 
adrenalectomy. 

According to Gray & Lunt (1914) haemorrhage also causes in cats a decrease 
in the clotting time of blood, which is not prevented by adrenalectomy. 
According to our own findings, the heparinized plasma from bled unanaesthe- 
tized or anaesthetized rabbits does not clot sooner and is not darker in colour 
than control plasma. In anaesthetized animals, the heparinized plasma after 
bleeding has no materially greater constrictor effect on the test ear than has 
transferred blood. 

Dealing with the mechanisms responsible for the vasoconstriction associated 
with ‘oligemic shock’ (under which term he includes the effects of haemor- 
rhage) Page (1949) enumerates three possibilities: physical factors, active _ 
nevrogenic constriction and humoral mechanisms. Various substances have 
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been described as present in the blood after haemorrhage and suggested as 
acting as humoral homoeostatic agents but, it seems to us, without satisfactory 
evidence that they were responsible for vasoconstriction in the animal from 
which the blood was withdrawn, e.g. angiotonin (Collins & Hamilton, 1944), 
V.E.M. (Shorr e al. 1951), possibly noradrenaline or serotonin (Page, 1943, 
1949). It seems from our observations on the bled rabbit: (1) that the physical 
factor of reduced mean blood pressure plays little part in the constriction of 
the arteries of either the normal or denervated ears, (2) that the main factor 
responsible for arterial constriction in the normal ear is activity of the 
sympathetic nerves, and that this ordinarily conceals (3) a humoral factor 
which is clearly displayed by the constriction of the denervated ear artery of 
both donor and test rabbit. The observations provide strong evidence that 
adrenaline is the substance chiefly responsible for the constriction and is 
derived mainly, though not entirely, from the adrenal glands. Saito (1928), by 


collecting adrenal vein blood from a caval pocket, demonstrated an increased 


output of ‘adrenaline’ after haemorrhage in dogs. He showed that in un- 
anaesthetized animals the rate of secretion is increased as much as 10 to 30 times 
the control level, and that this increase persists for a considerable time. We, 
however, cannot exclude an admixture of noradrenaline; our preparation does 
not distinguish between them. The initial quickening of the heart rate fol- 
lowed by slowing and then by a gradual increase suggests the participation of 
both adrenaline (quickening) and noradrenaline (slowing). Schuler & Heinrich 
(1949) find both adrenaline and noradrenaline in the rabbit’s adrenal gland, 
noradrenaline constituting 20-50% of the total amount, but according to 


Holtz & Schiimann (1950) the gland contains only adrenaline. West (1950) finds 


very little noradrenaline in gland extracts but when the splanchnic nerve is 
stimulated, noradrenaline appears in the venous effluent, though for only a 
brief period. 

The release of adrenaline after Se results from a stimulation of 
the splanchnic nerves, but our observations do not show how haemorrhage 
excites or replacement of blood inhibits nervous activity. It is apparently not 
through a fall and rise of mean arterial pressure; it may be effected by changes 
in venous pressure (see McDowall, 1938). 

Soon after the end of bleeding the constrictor activity of caval blood reaches 
a peak which is not long maintained and which is absent from the peripheral 
blood. We suggest that the initial high output of adrenaline (possibly preformed 
and stored in the gland) which this peak indicates, serves rapidly to raise its 
concentration in the peripheral blood; the subsequent lower output (possibly 
of newly formed adrenaline) suffices to maintain the peripheral concentration 
by balancing the rapid removal of adrenaline from the blood and its destruc- 
tion by amine oxidase. Our observations do not disclose what function is 
served by the increased constrictor activity of the blood. They show, however, 
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that removal of the adrenals, though considerably lessening the constriction 
in the donor’s denervated ear and reducing the constrictor activity of trans- 
ferred blood by a factor of 10, does not impair the recovery of blood pressure 
or alter the heart rate changes after the loss of a third of the blood volume. 
This is in agreement with the work of Swingle, Pfiffner, Vars & Parkins (1934) 
who found that adrenalectomized dogs maintained in good health by cortical 
hormone, dilute their blood and recover blood pressure after haemorrhage as 
do normal dogs. 

The source of the constrictor substance remaining after extirpation of the 
adrenal glands remains undetermined. It is adrenaline-like and may enter the 
blood by a ‘spill over’ from widespread adrenergic nervous activity. It 
apparently does not come mainly from either spleen or kidneys; it is possible 
that some of the activity may be derived from these sources and that our 
methods are inadequate to detect the small changes caused by removal of 


these organs. 


| SUMMARY | 

1. Methods are described for (a) transferring 0-1 ml. samples of blood from 
any available vessel of a donor rabbit to the central artery of the denervated 
ear of another rabbit, and (b) quickly withdrawing larger volumes of blood 
and separating the plasma for injection into the test ear. The constrictor 
activity of blood and plasma is assayed in terms of adrenaline or other 
constrictor substance. 

2. Observation of the vessels of the donor’s denervated ear provide an 
indication of the constrictor activity of the circulating blood for comparison 
with the constrictor activity of blood and plasma injected into the test ear. 

3. Arterial and peripheral venous blood from the warm resting animal whose 
denervated ear vessels are relaxed has a negligible constrictor effect on the test 
ear, the adrenaline equivalent being less than 10-“. Blood from the posterior 
vena cava has greater activity, the adrenaline equivalent ranging from 10~"° to 
10-°; this greater activity disappears after removal of the adrenal pe, 
though it persists after bilateral section of the splanchnic nerves. 

4, Plasma has usually a slightly greater constrictor activity than has bibsa, 
the adrenaline equivalent of plasma from peripheral blood being 10-" or 
slightly greater; occasionally the constrictor activity is much greater. This 
greater activity is due to the release of a substance like 5-hydroxytryptamine 
during the handling of the blood. 

5. Adrenaline injected intravenously in doses of 1-0 or 0-5 yg can be detected 


in the arterial blood for a brief period. Its constrictor effect in the donor out- 


lasts its presence in the blood. 


6. Normal ear vein blood has a slightly greater constrictor effect when the 
vessels are constricted by cooling the body than when they are dilated in the 


al 
a 
4 
4 


VASOCONSTRICTOR ACTIVITY IN RABBIT’S BLOOD 539 


warm animal. This is thought to be due to a ‘spill over’ of adrenaline and nor- 
adrenaline released from sympathetic nerve endings in the vessel walls. 

7. Nervous and muscular activity in the intact or adrenalectomized rabbit 
constricts the donor’s denervated ear vessels and increases the constrictor 
activity of blood on the test ear. After a brief struggle the adrenaline equivalent 
of peripheral blood rises to between 10- and 10-*. The constrictor effect is 
adrenaline-like, The source of the adrenaline-like activity is undetermined. 

8. Plasma separated from blood after a struggle has a greater constrictor 
effect on the test ear than transferred blood. This enhancement of activity is 
thought to be due to some addition to the constrictor properties of the plasma 
during the process of separation and is associated with rapid coagulation of the 
heparinized plasma. After-struggle plasma is browner in colour than control 
plasma due to the presence of haemo- or myoglobin. This addition of pigment 
is, but the rapid coagulation is not, prevented by adrenalectomy. The reason 
for these changes is unknown. 

9. Rapid bleeding of one-third of the blood volume constricts the donor’s 
denervated ear vessels and increases the constrictor activity of blood and 
plasma, the adrenaline equivalent rising to between 10-* to 10-? in caval blood 
and to 10- to 10-* in peripheral blood. Adrenalectomy considerably reduces, 
but does not abolish, the constriction of the donor’s denervated vessels and the 
constrictor activity of blood and plasma. The extra-glandular constrictor 
activity is also adrenaline-like; its source is undetermined; it may come from 
widespread sympathetic nerve endings; the spleen and kidneys supply no 
major contribution. 
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the heart beat by local heating of the praecordium as the first step in resuscita- 
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REANIMATION OF RATS FROM BODY TEMPERATURES 
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We have previously shown the possibility of reanimating the adult rat cooled 
to a body temperature of 0-1° C (Andjus, 1951; Andjus & Smith, 1954, 1955). 
The reanimation procedures described consisted, basically, of re-establishing 


tion. The heating was achieved either by application of a hot metal spatula to 
the chest wall, or by using a focused beam of light as the heating device. The 
burns inevitably produced during heating by both techniques were in a great 
number of cases compatible with complete reanimation and long-term survival. 
Nevertheless, the possibility was not ruled out that a proportion of the 
secondary delayed deaths occurring after reanimation could be partially 
attributed to the thermal injury of peripheral tissues. | 

Having at our disposal a magnetron microwave generator, we set out to 
investigate the possibility of using it for reanimation. It was hoped that 
burning of peripheral tissues would be avoided by the use of microwaves 
because of their satisfactory power of penetration. Furthermore, unlike the 
conventional diathermy apparatus which operates at a much lower frequency, 
it is possible with microwaves to achieve local heating of a small area. 


METHODS 
The magnetron microwave generator 
The apparatus used for heating in present experiments was powered by a 500 W continuous wave 
magnetron, operating at a frequency of 3000 Mc/s feeding into an H,, mode waveguide. It was 
originally designed for rapid heating of frozen blood samples. It was available, however, when the 
animal experiments began and was therefore put into use, although a conventional pulsed 
magnetron could have been used. A more detailed description of the apparatus will be published 
elsewhere (Perkins, 1955). | 
To achieve preferential heating of the heart area, a grid extension of the waveguide was used, 
with an aperture (diameter lin.) in its lower side. The animal was placed underneath the aperture. 
A horn radiator was also used in the second series of experiments (Table 1) in order to produce 
a more even field distribution, 
* Of the Faculty of Science, University of Belgrade, ) 
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Artificial respiration unit 
In the first series of experiments artificial respiration was given using the same single hand 
bellows as described previously (Andjus & Smith, 1955), In the second series, however, an auto- 
matic apparatus was used. It consisted of an adjustable thyratron timing circuit, the relay contact 
operating a release valve connected to the compressed air supply. 


Animals 
Adult rate (160-200 g body weight) of the Medical Research Council hooded strain used in the 


present experiments were in every respect similar to the animals used in previous studies (Andjus 
& Smith, 1954, 1955). | 


0 10 20 30 40 50 60 
Time (min) 

Fig. 1. Fall in colonic temperature during the second stage of cooling (rat covered with crushed 
ice). ©, rat ($), 178 g, cooled after being killed by ether; @, rat (¢), 176 g, revived after 
cooling. 

Cooling 

The cooling procedure was the same as described in previous papers. The first stage of cooling, 
lasting about 2 hr, aims at reducing the body temperature to about 18° C, This is achieved by the 
closed vessel technique. The rat is enclosed in a 21. jar, kept in a refrigerator at about 0° C. The 
developing oxygen lack and the accumulation of expired CO, are both factors inducing hypo- 
thermia, Below a body temperature of 18° C the ‘cold narcotized’ rat is cooled down to 0° C by 
covering it with crushed ice. During this second stage of cooling, the fall in body temperature is 
identical with that recorded in rat corpses (Fig. 1). During this stage the respiration and the heart 


beat stop. 
Rewarming 
We began the reanimation procedure when the colonic temperature ranged between 0 and 1° C, 
and 60 to 75 min after the temperature had fallen below 15° C. The temperature of 16° C was 
chosen because, soon after passing this point, heart beat and respiration cease, and the possibility 
of spontaneous recovery in a warm atmosphere is lost (Adolph, 1948). 
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The principle of preferential heating of the thorax was applied. It was achieved by placing the 
animal under the grid extension of the waveguide so that its chest lay beneath the aperture in the 
lower wall. The animal was fixed on a ‘Perspex’ plate by two clips holding its forelimbs. 

The distribution of microwave energy in the area usually occupied by the animal was estimated 
by measuring the heating effect on a water load. A series of 10 c.c. Carrel flasks filled with water 
was distributed within that area, and the rise in temperature of the water was recorded after 
heating for 20 min. The results are shown in Fig. 2A, B. It can be seen that the maximum input 
the left side of that area is more heated than the right (Fig. 2B). 

The actual rise in body temperature during the reanimation procedure in a typical experiment 
is shown in Fig. 3. It is compared with the rise in temperature recorded from an experiment with 
a dead animal, killed before cooling. It is obvious that the temperature rises much more steeply 
in the chest than in the colon, and reaches about 30° Cin 20 min. It can also be seen that the curves 
referring to the animal being reanimated start converging and deviate from the curves obtained 
from the corpse at the time when the heart beat reappears. The onset of circulation results in 
slowing down the heating of the thorax, while speeding up that of the abdomen. It also minimizes 
the danger of peripheral burning. 

The chest is heated for a period of 15-20 min. The heart beat is usually re-established after the 
first 4-5 min (Fig. 3), while spontaneous respiration reappears towards the end of the heating 
period, when the colonic temperature has reached 15° C. 

Artificial respiration is carried out right from the beginning of heating. It consists of blowing 
air rhythmically into the lungs (180-200 times per min) through a rubber tube applied to the 
nostrils. The rubber tube is connected either to a single hand bellows, or to the compressed air 
supply, the air current being rhythmically interrupted by the release valve. Artificial respiration 
is discontinued after spontaneous breathing is re-established. | 

Further rewarming of the reanimated rat from 15° C upwards is carried out as previously 
described (Andjus & Smith, 1955). The animal is immersed in a water-bath at 40° C until its body 
temperature reaches about 33°C. It is then placed in an incubator (28-32° C) for 3 days to 
convalesce, and afterwards transferred to the animal house. 


RESULTS 
Table 1 shows the final sabitin of these experiments. They are corepated with 
the results previously obtained by Andjus & Smith (1955). 

It can be seen that it was possible to obtain 80-100% complete recovery in 
two series, of twenty-five rats each, by means of the technique described above. 
Furthermore, a single rat was reanimated 10 times after being cooled at 
intervals of 2-10 days each time to the same temperature level of 0-0-5° C. 
The effect of repeated cooling to, and reanimation from, zero has been studied 
in a number of animals, and the results will be published separately. Five rats 
revived by microwave diathermy have been kept under observation for 
7 months. No obvious differences were noticed between them and their 
controls. Others have been used for precise psychological tests in order to 
assess the possibility of cerebral damage. The results will be published else- — 
where in conjunction with Prof. R. W. Russell. 

The results obtained by the new technique prove that the lack of complete 
success in previous experiments was due not to irreversible changes caused by 


cold, but to the inadequacy of the procedure hitherto used for reanimation. 
35-2 
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Fig. 2. Distribution of microwave energy in the area occupied by the animal. Estimation made 
: by measuring the heating effect on a water load. Curves and columns in the diagrams 
marked by the same shading as the corresponding heated areas, 
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_ Temperature (°C) 


6 8 10 12 14 16 18 20 22 
Time (min) 


Fig. 3. Rise in temperature during heating by microwave diathermy. The chest temperature was 
taken in the oesophagus beneath the heart. The animal which was reanimated (plain lines) 
was killed afterwards, then cooled and used again for temperature measurements during 
heating (interrupted lines). A and A, colonic temperatures; @ and O, oesophageal 
temperatures; x — x heart rate. 


TaBxe 1. Recovery of rats reanimated by different techniques 


Series I of experiments, with the beam of light as the heating device, differed from series II only 
in that more intense heating was applied in the latter (see Andjus & Smith, 1955, for details about 
the first three series, marked with an asterisk in the table). 

Microwave series I: horn radiator omitted; artificial respiration by the single hand bellows. — 

Microwave series II: horn radiator added to the waveguide; artificial respiration automatic. 

Partial recovery: at least the heart beat re-established. 

Secondary deaths: I, death occurring during rewarming. TI, death overnight in the first 24 hr 


after reanimation; III, death within the first 10 days after reanimation. 
Complete recovery: the animal regains its initial weight and continues growing. 
No, of Percentage 
experi- Partial secondary death Percentage 
Heating No. of mentson recovery ——~——._ complete Presence 
device rats each rat (%) I It IIL recovery of burns 
Hot spatula* 25 | 100 60 20 0 20 Yes 
Beam of light I* 25 1 92 32 16 =O 44 Yes 
Beam of light IT* 25 1 92 mo eS Ss 68 Yes 
Microwaves I 25 100 80 Occasional 
waves IT 25 | 100 S22. 8% 100 No 
Microwaves II l 10 100 ee oe 100 No 
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SUMMARY 


80-100°% of rats cooled to body temperatures of 0-1°C can be com- © : 


pletely revived by the use of microwave diathermy. 


We are much indebted to the General Electric Company Ltd. who lent the magnetron. It is 
_ @ pleasure to acknowledge the help of Mr W. J. Perkins, Instrument Division, National Institute 
for Medical Research, who designed and built the power unit and heating apparatus. 
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SUSPENDED ANIMATION IN COOLED, SUPERCOOLED 
| AND FROZEN RATS | 


By R. K. ANDJUS* 


From the National Institute for Medical Research, Mill Hill, 
London, N.W.1 


(Received 3 December 1954) 


Not long ago it was generally believed that the lowest level of hypothermia 
compatible with survival was around 15° C for the adult rat, as well as for the 
majority of non-hibernating mammals (Adolph, 1948). We have shown, how- 
ever, that it is possible to reanimate the adult rat after cooling to much lower 
body temperatures (0-1° C) and in spite of prolonged respiratory and cardiac 
arrest (Andjus, 1951a; Andjus & Smith, 1954, 1955). Complete recovery and 
long-term survival in 80-100% of animals have been obtained using micro- 
wave diathermy for resuscitation (Andjus & Lovelock, 1955). When this method 
of reanimation which ensured a high percentage of recovery had been 
established, a start was made in investigating a number of related problems. 
These included the maximum duration of suspended animation, the effects of 
repeated coolings to zero, and the possibility of reanimating rats cooled to 
subzero temperatures. The results so far obtained along these lines will be 
described here. 


yr MATERIAL AND METHODS 


Rats of the Medical Research Council hooded strain were used as before. The animals ranged in 
weight from 160 to 210 g, except those cooled to below 0° C which were 85-105 g in body weight. 


Cooling methods 

Stage I (the closed vessel technique) and stage II (in crushed ice) have been described previously 
(Andjus & Smith, 1954, 1955). The third stage of cooling aimed at reducing the body temperature 
below 0° C by a modification of the method described for the hamster (Smith, Lovelock & Parkes, 
1954). The temperature of the propylene glycol bath varied from -5° to - 20°C in different 
experiments, The animals were fully immersed. The paws and the head were thickly coated with 
vaseline. 

Colonic temperatures above zero were recorded with mercury thermometers. Subzero tempera- 
tures in the colon and subcutaneous tissue of the back were recorded from thermocouples con- 
nected to a potentiometer using a galvanometer as a null-point indicator. An error not less than 
+0-3° C must be taken into account in considering the absolute values. 


* Of the Faculty of Science, University of Belgrade. 
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Technique of reanimation 

Unless otherwise stated, methods already described were used for reanimation by microwave 
diathermy (Andjus & Lovelock, 1955) and for PATS in the final stages (Andive & ‘sued 
1955). 


RESULTS 
Time limits . 
Six mene of ten rate each were cooled to colonic temperatures of 0-1° C. 
Each group was, however, kept for a different length of time in that range 
before reanimation was attempted. 

It has been established that soon after the colonic temperature falls below 
15° C, cessation of breathing followed by cardiac arrest occurs and the possi- 
bility of spontaneous recovery in'a warm atmosphere is lost. During reanima- 
tion, on the other hand, the heart beat is re-established after only a few 


Taste 1, ~~ survival of rats after varying periods of suspended animation. Each 


_ group consisted of 10 rats. 
‘Duration of No. of rate 
Group animation Hessvead Dead within Dead within “Failed ¢ to 
60-70 10 0 
2 _ 70-80 6 2 1 1 
5 100-110 1 0 4 
‘Tame 2. The concentration in rate dying shortly reanimation 
Interval between Terminal 
reanimation blood-sugar 
and death concentration 

(hr) No. of rats (mg %) 

0 3 as 202 

1 4 126 

1} 2 108 

2} 112 

34 2 


minutes of heating. Therefore, the length of time spent below 15° C prior to 
the application of heat roughly corresponds to the period of ‘suspended 
animation’. This was the time interval taken into account for comparison 
between the groups. It will be referred to in future as the period of suspended 
animation. 

Table 1 shows the final results of these experiments. It will be seen that 
ten out of ten animals cooled to zero recovered completely when the period of 
suspended animation was 60-70 min. The longer the period of suspended 
animation the smaller the proportion of animals revived, and only one out of 
ten recovered when the time interval was extended to 100-110 min. In the 
group kept in suspended animation for 110-120 min the one animal which was 
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~ reanimated died during final rewarming. Delayed deaths occurred frequently 


in animals revived after 70-100 min suspended animation. Most of the deaths 
in the second group (70-80 min) occurred with a delay of several days. 
Symptoms accompanying this secondary death were similar to those previously 
described, such as impaired thermoregulation and haemorrhage in the small 
intestine and stomach. Blood-sugar levels at the moment of death were cor- 
related with the duration of survival after reanimation, as shown in Table 2. 
When death occurred shortly after reanimation the rats were hyperglycaemic. 

When survival was longer agi were slightly eran at the time of 
death. 


Repeated cooling and reanimation 


A series of rats was repeatedly cooled to 0-0-5° C. They were kept each time 
for 60-70 min in the range of suspended animation. 

Fig. 1A shows the growth curve of a rat cooled to zero on alternate days. 
Its growth is compared with that of a control animal. The rat tolerated eight 
coolings within 16 days. Its weight, however, fell considerably. The animal 
died 18 days after the last cooling without regaining its initial weight. Its 
body temperature was unstable all the time. The growth curve of another rat 
repeatedly cooled to zero is shown in Fig. 1B. In this instance the interval 
between each successive cooling was longer, especially after the first cooling 
when the animal was allowed to recover its initial weight over a period of 
15 days. During the sixth cooling the rat was kept in suspended animation for 
a longer period (80 min) and the seventh cooling was carried out only 6 days 
later. This animal tolerated ten coolings to zero within 43 days and recovered 
completely. Its growth was arrested during the whole period of repeated 
cooling, but was resumed afterwards. 

Subsequently rats were repeatedly cooled to zero, but each time the animal 
was allowed to regain its initial weight before it was cooled again. It was 
noticed that during successive experiments the time necessary to regain initial 
weight after each cooling tended to decrease. For example, one rat needed 
11 days to regain its initial weight after the first cooling, 6 days after the second, 
and 1-3 days after the third to eighth cooling. The means taken from the 
results obtained with a group of seventeen animals show the same tendency 
(Table 3). 

Further improvements in the recovery after reanimation were noted in 
repeatedly cooled rats, For a few hours after the first reanimation and 
artificial rewarming to 37° C the rat is not able to maintain its normal body 
temperature in a cold environment. When left in a refrigerator at 0 to +3° C 
the reanimated rat steadily cools down. By contrast, a number of rats 
reanimated for the sixth to eighth time were perfectly capable of maintaining 
their normal body temperature in the refrigerator (Table 4 and Fig. 2). 
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+80 Control 
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0 10 20 30 0 10 20 30 40 50 60 
Time (days) Time (days) | 


Fig. 1. The alteration in weight of control rats and of rats repeatedly cooled. The circles with | 
accompanying numbers refer to the days on which cooling was performed. A. The experi- 
mental rat was cooled 8 times on alternate days; B, The experimental rat was cooled | 
10 times during the space of 43 days. | 


TaBxE 3. The effect of repeated cooling on recovery of weight 


Average time 
to regain 
No. of initial weight 
times cooled No. of animals (days) , 
1 17 6-65 
2 15 3-65 
3 16 3-15 
4 10 2-85 
5-10 14 1-8 
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It was also noted that rats reanimated for the first time, and having just 
resumed their heart beat and respiration, with a body temperature of 15° C 
(see Andjus & Smith, 1955) were not capable of spontaneous rewarming to 
37° C when left at room temperature (21—23° C), and died after a few hours 


Tasux 4, Effect of exposure to an ambient temperature of 0° to +3° C on the body 
temperature of rats 1 hr after revival (see text) 


No. of Time in 


times rator Body temperature (° C 

No. of rat (g) revived (min) Initial Final 
R. 1 202 110 36-8 27-3 
R. 2 203 1 90 37-7 29-8 
R. 3 198 | 90 38-2 31-2 
R. 4 127 1 90 38-2 30-3 
R. 5 207 1 120 37:9 32-2 
R. 6 201 6 130 38-2 36°8 
R.7 208 7 120 378 36-9 
R.8 200 6 120 38-2 - 37-7 
R. 9 175 7 120 38-1 37:3 
R. 10 167 5 120 38-2 36-6 


0 1 Bi. 
Time in refrigerator (hr) 
Fig. 2. The colonic temperature of rats put in a refrigerator (0-3° C) 1 hr after revival. O, A, 0), 
rate revived for the first time; @, a rat revived for the 5th time; A, a rat revived for the 
6th time; @ a rat revived for the 7th time. 


if the rewarming was not completed artificially. By contrast, a number of 
rats reanimated for the fifth to eighth time spontaneously regained their 
normal body temperature when left on the bench with colonic temperatures 
of 15° C (Table 5 and Fig. 3). 

Finally, an attempt was made to find out whether a rat after being cooled 
several times to zero is capable of tolerating a longer period of suspended 
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animation. One rat cooled for the third time to zero, and another cooled for 
the sixth time, were kept in suspended: animation for 120 min. They were 
both reanimated, recovered completely and survived for many months, Ten 
controls, cooled for the first time, did not even recover spontaneous breathing. 


TaBLE 5. The final body temperature of recently reanimated rate kept at room temperature 
(21-23° C) for 4 hr. In each experiment the initial colonic temperature was 15° C. 

Weight successively Teached 

(g) revived 


No. of rat (°C) 
193 1 23-4 
G. 2 175 1 21-3 
G.3 213 1 25-4 
G.4 216 1 25-8 
6 195 23-2 
G. 6 199 5 31-4 
G.7 188 5 37-9 
9G. 8 176 5 37-0 
178 8 37:2 
10 218 . 8 38-0 
+146 
+10F 
E 
+6 
+2 
a 
0 1 2 3 


Time at room temperature (hr) © 


Fig. 3. The rise above room temperature of the colonic temperature of recently reanimated rats. 


O, A, 0, rats reanimated for the first time; A, a rat reanimated for the 5th time; @, @, rats 
reanimated for the 8th time. 


These results were taken as an indication of some kind of adaptation pro- 
duced by repeated cooling and reanimation. The basal metabolic rate was, 
therefore, measured in order to find out whether repeated cooling produces 
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ment. It is well established that prolonged exposure to cold environment 
results in an increased B.M.R. The figures obtained in measuring the B.M.R. of 
rats kept for a month in an incubator (about 30° C), and. of rats exposed to 
a temperature of 0-10°C during the winter months, agreed with those 
published by Gelineo (1933). The of rats after several coolings to. and 
revival from zero was not in the range characteristic for cold adaptation. It 
was closer to that of heat-adapted animals (Table 6). 


TaBLE 6. The B.M.R. of heat-adapted and cold- adapted rats and of rats 2-6 days after the 
last of a series of reanimations from 0 to +0-5° C 


Weight 
Group | No. of rat (g) (calm?) hr) 
Rh. 1 186 654 
| Bh, 2 210 143 
Rh. 3 
Data from 628 
Gelineo (1933) 
Cold-adapted — Re, 1 175 983 
| Re. 2 204 822 
Data from — 930 
Repeatedly cooled and re- G. 63(7) 208 
vived (number of coolings G. 114 (7) | 174 701 
shown in brackets) G. 114 (9) 198 683 
G. 106 (5) 199 776 
G. 162 (5) 168 762 
TaBLE 7. The weights of the adrenal glands of rats after one or more suctessive coolings 
Adrenal weight (mg/100 g body wt.) 
No. of times No. of. 
~ cooled rats Average Range 

| 13 15-4 12-0-19-5 

2 7 22-4 16-6-26-8 

6 24:8 17-2-26-4 

5 | 25-2 20-4-32-0 

6-9 6 23-6 | 21-2-28-4 


Autopsies were performed on the rats which failed to revive after one or 
more coolings and the adrenals were weighed. Those which had been cooled 
repeatedly had larger adrenals than rats of the same weight range _— had 
been cooled only once 7). 


range 3 
We have previously reported that partial recovery of rats can be obtained 

even after their colonic temperature has been reduced slightly below zero, 
and after a layer of peripheral tissues has been frozen solid (Andjus, 19515). 
In these early experiments freezing was achieved simply by covering the rat, 
in the third stage of cooling, with a mixture of crushed ice and salt. The 
technique used for reanimation was a less efficient one — the prae- 
cordium by applying a hot spatula to the chest wall). i 
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In present experiments, however, the new technique of reanimation by 
microwave diathermy was used. The cooling procedure in stage III was basically 
the same as that described for the supercooling and freezing of hamsters 
(Smith e al. 1954). is | 

The main object was to find out if substantial supercooling of the rat could 
be achieved in the same way as in the hamster, with subsequent complete 


Time (min) 
Fig. 5 


Fig. 4. Cooling curves obtained from a rat immersed in a bath at -—7-5° C. Arrow indicates start 
of rewarming. O—O, subcutaneous temperature; @—@ colonic temperature. 


Fig. 5. Cooling curves obtained from a rat immersed in a bath at - 6° C. Arrow indicates start 
of rewarming. O—O, subcutaneous temperature; @—@ colonic temperature. | 


Experiments described above had shown the importance of time-relations, 
and the aim was to reach subzero levels within the time limits compatible 
with the maximum survival rate in rats cooled to zero. The whole period of 
suspended animation did not exceed 60-70 min. In order to obtain a rate of 
cooling comparable to that described for hamsters weighing about 100 g, rats 
of similar weight were used. 

Two typical experiments are illustrated in Figs. 4 and 5. : 

Data in Fig. 4 were obtained from a rat undergoing crystallization, while 
Fig. 5 illustrates supercooling. oes 

It can be seen in Fig. 4 that soon after reaching a few degrees below zero, 
a sudden rise of the subcutaneous temperature occurred spontaneously. It 
marks the onset of crystallization. After rising from —3° to —0-7°C, the 
subcutaneous temperature begins to fall again, at a slower rate. This cor- 
responds to the cooling of the frozen tissue. The colonic temperature, however, 
slowly reaches —0-7° C, and then remains at the same level until rewarming. 
The ‘freezing plateau’ is very similar to that described for the hamster. 
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_ to 0° C and subjected to prolonged periods of suspended animation. Further- 
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By contrast, it can be seen in Fig. 5 that in this animal both subcutaneous 
and colonic temperatures continued to fall below the freezing-point without 
interruption. Supercooling continued until the temperature reached —5-7° C 
under the skin and —3-2°C in the colon. Three rats were supercooled by 
immersion in a propylene glycol bath at —5° to —6°C in the third stage of 
cooling. Their colonic temperatures reached —2-1°, —2-9° and—3-3° C 
respectively. The lowest subcutaneous temperature recorded was —5-7° C 
(see Fig. 5). The longest period spent in the subzero range was 40 min in the 


instance of the rat revived after supercooling to the colonic temperature of 


—2:9°C. All three of the rats supercooled without crystallization were 
reanimated, recovered completely, and resumed growth. | 

In eight out of nine animals that underwent crystallization in a propylene 
glycol bath at —7° C or below, heart beat and spontaneous breathing were 
re-established. All died, however, during the last stage of rewarming or 
within the first 24 hr after reanimation. 


DISCUSSION 


It has been established that an adult rat can be kept alive for 10-12 hr when 


its body temperature is maintained at 15-18° C (Adolph, 1948). In the experi- 
ments now described the maximum survival time at a body temperature of 
0-1° C was much shorter than at 15—18° C, and in fact did not exceed 2 hr. 
One might have expected that at the lower temperatures the survival time 
would be longer. It must, however, be taken into account that at the lower 
range respiration and circulation are arrested completely, and this may be an 
important limiting factor. Other deleterious factors may come into play at 
this temperature, e.g. damage to capillaries, disturbances of enzymic systems, 
physico-chemical changes in the distribution of lipids, and even perhaps 
alterations in cellular components of the blood stream. 

Hitherto it has been the rule to compare the ability of the newborn rat to 
withstand arrested circulation and respiration at reduced body temperatures 
with the relative intolerance of the adult rat and the relative tolerance of 
poikilothermic animals to these conditions (Adolph, 1951; Fairfield, 1948). 
One hour of cardiac arrest at body temperatures in the vicinity of 0° C was 
reported as critical even in poikilotherms (Macko & Selivanova, 1949). In 
this respect there now appears to be less difference than hitherto supposed 
between the adult and the newborn rat, and even between the rat and the 
poikilotherms. According to Adolph (1948, 1950), adaptation to a cold 


_ environment did not alter the lethal limits of hypothermia in the rat. Popovi¢ 


(1952) showed that rats could tolerate repeated coolings on successive days 
to body temperatures of 15° C, but he did not report on adaptive changes. 
It is therefore of particular interest that rats have now been repeatedly cooled 
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more, repetition of the treatment seemed to improve their capacity for recovery. 
The physiological explanation of these data remains to be found. 

The few results obtained with the supercooled and frozen rat show that the 
ability to tolerate subzero temperatures is not a — of hibernating 
mammals, 

Much further work remains to be done on the biochemical and physical 
changes occurring in rats exposed to subzero temperatures and in determining 
optimal conditions for resuscitation, by adaptation or other means, 


SUMMARY 


The maximum duration of suspended animation with 
survival in rats cooled to body temperatures of 0 to 1° C was determined. 

2. Rats were repeatedly cooled to 0°C up to 10 times. Indications of 
adaptive changes were observed. _ 

3. Rats supercooled to about —3° C colonic temperature were reanimated 
and recovered completely. 


My best thanks are due to Sir Charles Harington, F.R.S., and the Medical Research Council for 
enabling mé to spend a year at the National Institute for Medical Research in a Division of 
Experimental Biology with Dr A. 8. Parkes, F.R.S., and his colleagues. 

Dr Audrey Smith gave invaluable help in preparing the manuscript. 
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THE RESPONSES OF THE MUSCULATURE OF THE COLON OF 
THE RABBIT TO STIMULATION, IN VITRO, OF THE 
PARASYMPATHETIC AND OF THE SYMPATHETIC OUTFLOWS 


By R. C. GARRY anp J. 8. GILLESPIE* 
From the Institute of Physiology, University of Glasgow 


(Received 13 December 1954) 


It is generally accepted that the parasympathetic outflow to the gut has a 
motor action on both muscle coats except in the region of the sphincters where 
it is inhibitory. The sympathetic outflow is commonly held to be antagonistic 
to the parasympathetic outflow. However, many reported observations are 
in conflict with the above view. Bayliss & Starling (1899) obtained both motor 
and inhibitor responses from the dog’s small intestine when they stimulated 
the vagi. Carlson, Boyd & Pearcy (1922) also obtained motor and inhibitor 
responses from the cardiac region of the stomach in cats, in dogs and in 
rabbits when they stimulated the vagi. Veach (1925) made similar observations 
on the stomach of the cat and so did McCrea, McSwiney & Stopford (1925) on 
the stomach of cats, of dogs and of rabbits. Motor and inhibitor responses 
have also been observed on stimulating the sympathetic outflow to the gut. 
Both Carlson et al. (1922) and McCrea & McSwiney (1928), observing the — 
stomach of the cat, saw motor and inhibitor responses on stimulation of the 
splanchnic nerves. Brown, McSwiney & Wadge (1930) obtained motor and 
inhibitor responses from the stomach of the cat when they stimulated the 
thoracic sympathetic trunk. From these and other observations two factors 
emerge which seem to have played some part in determining the nature of the 
response. (a) The frequency of stimulation: low frequencies favoured motor 
responses while high frequencies favoured inhibitor responses. This effect was 
seen chiefly when stimulation was applied to mesenteric nerves, to the 
splanchnic nerves and to the thoracic sympathetic chain (Brown et al. 1930; 
Harrison & McSwiney, 1936). Veach (1925) reported this same effect of 
frequency when he stimulated the vagus nerve to the stomach in cats, 
(b) The degree of activity of the organ, the ‘peripheral mechanism’: when the 
stomach was active and showing a high degree of tone then stimulation of the 
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peripheral ends of the cut vagus nerve or of the splanchnic nerve caused 
inhibition. A motor response was obtained when the tone was low and the 
activity slight. This influence of the ‘peripheral mechanism’ seemed to be more 
marked with the vagal innervation (Courtade & Guyon, 1899; Carlson e¢ al. 
1922; McCrea et al. 1925; Brown & Garry, 1932). 


The observations described above were all made in vivo, but similar results ) 


have been obtained from in vitro preparations of muscle from the stomach of 
cats, of dogs, and of rabbits. McSwiney & Robson (1931) found that stimula- 
tion of the sympathetic nerves at low frequencies had a motor effect while 
stimulation at high frequencies was inhibitor; in addition, the use of weak 
currents and of short periods of stimulation was found to favour motor 
responses. Stimulation of the vagus im vitro, however, only rarely caused 
inhibition but, after addition of atropine, an inhibitory response to nerve 
stimulation.appeared (McSwiney & Robson, 1929). Finkleman (1930) stimu- 
lated the periarterial mesenteric nerves to the small intestine of the rabbit 
in vitro. Stimulation at high frequency invariably caused inhibition but 
stimulation at low frequency sometimes elicited a motor response. 

Practically all the work on the influence of the frequency of stimulation and 
of the state of the ‘ peripheral mechanism’ has been carried out on the stomach. 
The colon has been little studied. In this region the pelvic nerves supply the 
parasympathetic outflow and the lumbar colonic nerves the sympathetic out- 
flow. The few observations which have been made suggest that the para- 
sympathetic outflow is predominantly motor and the sympathetic inhibitor. 
Langley & Anderson (1895) reported motor responses from stimulation of the 
pelvic nerve in the rabbit in vivo. ‘Brief’ inhibition was occasionally seen but 
such results were a ‘rarity’. The same workers found that stimulation of the 
caudal pair of the inferior mesenteric ganglia, or of any of the peripheral nerve 
bundles to the colon (lumbar colonic nerves, ascending bundle, hypogastric 
nerves), could produce motor, inhibitor or biphasic responses. Langley & 
Anderson were of the opinion that the motor responses were due to stimulation 
of parasympathetic fibres of sacral origin which may be present at these sites. 
Stimulation of the cranial pair of the inferior mesenteric ganglia, on the other 
hand, produced only inhibition. Bayliss & Starling (1900) found that the 
sympathetic was purely inhibitor to the colon of the rabbit, while the para- 
sympathetic was purely motor. In the cat they found that the response to 
stimulation of the pelvic outflow was often biphasic. Only one report on an 
innervated preparation of the colon in vitro has been found in the literature. 
Munro (1953), using the colon of the guinea-pig and stimulating periarterial 
mesenteric nerves, observed both motor and inhibitor responses; the presence 
of ‘tone’ favoured inhibitor responses. 

The present paper describes the effect of frequency of the stimulation, of the 
voltage of the stimulating current, of the duration of each pulse and of total 
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duration of stimulation on the responses from in vitro preparations of the colon 
of the rabbit. With this preparation (Garry & Gillespie, 1954, b) it is possible 
to stimulate the parasympathetic and sympathetic outflows separately or 
simultaneously. With modern rectangular-pulse stimulators it is possible to 
control the characteristics of the stimulating current in a fashion quite 
impossible for workers in the past. 


METHODS 


Rabbits of either sex were used. The most suitable weight ranged from 1-7 to 2 kg. The method 
of dissection has already been fully described (Garry & Gillespie, 19544). One modification has 
been introduced, The lumbar colonic nerves, in the earlier experiments, were tied along with the 
inferior mesenteric artery and colonic vein at the sharp right-angled bend of that vein. In later 


_ experiments this ligature has been tied round the caudal pole of the inferior mesenteric ganglia 


and the colonic vein; this allows stimulation of the nerves to take place at a greater distance from 
the colon and reduces the likelihood of including some of the cranial sacral colonic fibres in the 
electrode on the lumbar outflow. Throughout the dissection the tissues were kept moist and cold 
by frequent application of chilled Ringer’s solution. This had the double advantage of lowering 
the metabolic demands of the tissue and of inducing flaccidity which facilitated removal of faecal 
pellets. Even with experience the dissection required about 1 hr but the vitality of the preparation 
did not seem to be impaired. 

The bowel was suspended as a Magnus preparation from a light gimbal lever. The lower end of 
the colon was fixed to a hook just above the sintered glass disk of a gas distributor. The lever 
exerted a tension of 0-5 g and had a magnification of 3-5, The gas distributor, gimbal lever and the 
clamps for the electrodes were all mounted on a common arm which could be raised or lowered 
by rack and pinion. While the preparation was still suspended above the level of the fluid in the 
inner vessel of the Burn-Dale bath the ligatures attached to the nerves were threaded, by means 
of a sharp needle, through the thin condom-rubber diaphragms of the two fluid electrodes. The 
nerves were pulled into place—the lumbar colonic nerves in the upper electrode and one or both 
pelvic nerves in the lower electrode. The closed half-cell of each electrode was then filled with 
Ringer and sealed off with a disk of ‘Perspex’. The thread attached to the nerve was caught 
between the disk and the casing of the electrode, thus holding the nerve in position. When the 
electrodes were in position on the nerves the whole assembly was racked down into the bath 
(Fig. 1 A). | 

The fluid electrodes are a modification of those described by Garry & Wishart (1951). The 
external diameter has been increased to 16 mm and the internal to approximately 10 mm to 
prevent kinking of the nerves as the preparation moves. The loops of flattened silver wire in the 
electrode are recessed as deeply as possible in the ‘Perspex’ walls (Fig. 1B) and are coated with 
AgCl in conventional fashion. The original multistrand copper wire running in polythene tubing 
has been replaced by a lead of 12 strands of copper wire, each strand being 0-004 in. in diameter. 
This lead is covered with a sheath of polyvinyl) chloride (r.v.c.). The two leads to each electrode 
can be sealed together with ‘Perspex’ cement. Such double leads are still very fine and can be 
easily manipulated. Such wire, covered by P.v.c., can be obtained from Standard Cables. The 
electrodes were suspended by clamps from a horizontal bar well above the inner vessel of the bath. 
These clamps could be swivelled about the bar, moved along the bar and raised or lowered. Thus 
an electrode could be easily adjusted to the position of its nerve, Final adjustments were made 
once the preparation had been lowered into the inner vessel. 

An electronic rectangular-pulse stimulator, delivering negative pulses, was used for stimulation. 
As a safeguard against polarization a 1 «F condenser was inserted in series in the active line of the 
stimulator. The electrode connexions were so arranged that the cathode was nearest to the prepara- 
tion. In such a preparation, with two electrodes immersed in Ringer and attached to different 
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nervous outflows to the gut, stimulation by one electrode can also pass current through the other 
electrode if that other electrode is earthed. It is thus most important that, when one electrode is 
used for stimulation, the other should be ‘floating’, i.e. without earth connexions. Except during 
actual stimulation the electrodes were short-circuited. The interval between the periods of stimula- 
tion was usually 5 min and the duration of stimulation commonly 10 sec. 
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Fig. 1. (A) The Magnus preparation with one electrode on the parasympathetic detfow, 
the other on the sympathetic outflow. (B) Diagram of one electrode. 


The Ringer fluid contained: NaCl, 0-9% (w/v); KCl, 0-4% (w/v); CaCl,, 0:25 % (w/v); NaHCO,, 
0-05 % (w/v). In most experiments glucose was added to give a concentration of 0-1% (w/v). The 
bath was aerated with a mixture of 95% O, and 5% CO, through a sintered glass gas distributor, 

pore size 40-90. The bath temperature was maintained at 36° C. 


Innervated lengths of the colon suspended as Magnus preparations continued to respond to 
nerve stimulation for many hours. Responses have been obtained after 18 hr in some prepara- 


tions which were left over night. Once the dissection technique had been mastered a high pro- 


portion of successful preparations was obtained. 
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result of spread of current through the fluid was demonstrated by tying the 


_ inhibition of a greater degree even than the inhibition seen during the actual 
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_ Observations were also made on Trendelenburg preparations set up in the conventional manner _ 
except for the presence of the stimulating electrodes. 

Hexamethonium (C6) was used either as the bromide or iodide. Concentrations of hexa- 
methonium are expressed as the base. Atropine was used as the sulphate and concentrations refer 
to the salt. 


RESULTS 


The effects of frequency, of duration of the pulse, of voltage and of duration of 
stimulation were investigated in over sixty experiments. Most emphasis was 
placed on the effect of frequency. The majority of the experiments were simple 
Magnus preparations, the remainder were Trendelenburg preparations. 
Twenty-eight further experiments on the action of hexamethonium and on the 
action of atropine were carried out. That the responses to stimulation of the 
lumbar and of the pelvic nerves were mediated by these nerves and not the | 


nerves between the electrode and the gut after producing typical responses 
from both outflows. Thereafter stimulation was ineffective even when the 
voltage was increased sixfold. 


The response to stimulation of the pelvic and of the lumbar colonic nerves 
Effective stimulation of the pelvic nerve caused rapid contraction of both 
muscle coats, stimulation of the lumbar colonic nerves a slower inhibition of 
both coats. At the most effective frequency the response to stimulation of the 
pelvic nerves began after a short latent period, developed rapidly and quickly | 
reached a maximum. If stimulation were continued there was a gradual _ 
decline. When stimulation was stopped there was a fairly rapid relaxation | 
followed by a period in which both tone and rhythmic contractions were 
depressed, The longer the period of stimulation and the greater the contraction 
the more marked and prolonged became this phase of post-stimulation 
depression. 
Stimulation of the lumbar colonic nerves at the most effective frequency 
produced a very different picture. The latent period was longer than with 
stimulation of the pelvic nerves and the rate of development of inhibition was 
relatively slow. If stimulation were continued there was no evidence of fatigue 
or of ‘escape’ within the periods used in these experiments. When stimulation 
of the lumbar colonic nerves ceased, there was, after a short period, a sudden 
sharp contraction which quickly gave way to a prolonged period of increasing 


stimulation. Final recovery was abrupt and complete. Typical responses in 
the same preparation to stimulation of pelvic and of lumbar colonic nerves are 
shown in Fig. 2. 

The effect of frequency. All effective frequencies of stimulation produced 
motor responses when the pelvic nerves were stimulated and inhibitor responses 
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when the lumbar colonic nerves were stimulated. Single pulses were used and 
frequencies of stimulation ranging from one pulse every 2 sec to 1000 pulses 


per sec (1000 P/8). The uniform nature of these responses is shown in Fig. 3. 


Fig. 2. Colon of the rabbit in vitro. Voltage of current 15, duration of each pulse 0-5 msec. 
Frequency when stimulating pelvic nerve was 10 P/S, when stimulating lumbar outflow 50 P/S. 


Although variations in frequency did not affect the character of the response 
they did alter the magnitude. Stimulation of the pelvic nerves evoked a 
maximal response when a frequency of 10 P/S was used. The maximum response 
to stimulation of the lumbar colonic nerves took place when a frequency of 
100 P/S was used. When a frequency of stimulation below 10 P/S was used 
the responses to stimulation of the pelvic nerves were still of considerable 
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magnitude but the responses to stimulation of the lumbar colonic nerves were 
greatly reduced: at a frequency of one pulse every 2 sec stimulation of the 
pelvic nerves was still effective while stimulation of the lumbar colonic nerves - 
was rarely effective at a frequency below 5 P/S. 
An attempt has been made to express the effectiveness of the various 
frequencies quantitatively and the results are summarized in Table 1. In any 


Fig. 3. Colon of rabbit in vitro. The effect of varying the frequency of stimulation. Voltage of 


current 15, duration of each pulse 1-0 msec in all cases except when the frequency was 
1000 P/S; then the pulse duration was 0-5 msec. (A) Pelvic nerve: the responses were always 
motor; stimulation was effective with frequencies well below 10 P/S. (B) Lumbar outflow: 
the response during stimulation was always inhibitor; stimulation with frequencies below 
10 P/S was rarely effective. 


one experiment, and on the same graphic, that frequency which produced the 
maximum response was selected for each nerve and assigned the arbitrary 
value of six. The remaining responses were then assessed in terms of the maxi- 
mum response and expressed as some integral fraction of six. During the 
actual experiment that frequency which appeared to be producing the maxi- 
mum response was repeated in the middle and at the end of the series of 
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stimulations. Any gradual variation in the response not associated with 
frequency was thus detected. Two main components of the response were 
used in assessing its magnitude: the degree of contraction or inhibition and 
the duration of this contraction or inhibition. The duration of the response was 
particularly important in assessing the magnitude of the response to stimula- 
tion of the lumbar outflow, the height of contraction was the main factor in 
assessing the magnitude of the response to stimulation of the sacral outflow. 


TaBiE 1. The influence of the frequency of recurrence of the stimulating pulse on the magnitude 
of the response from the colon in vitro. An arbitrary figure of 6 is given to the maximum 
response in any one experiment. 

The frequeriey is en pulses per acc at the head of each column. In all cases the 
duration of the _— is 1 msec except at the frequency of 1000 P/S when the duration of the pulse 


is 0-5 msec. 
Frequency, P/S 
Expt. 05 #1 °2 #5 10 2 580 100 200 400 500 1000 


Responses from stimulation of the pelvic nerve: maximum responses are first obtained at 
10 P/S; responses are numerous at frequencies below 5 P/S. 
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Responses from stimulation of the lumbar colonic nerves: maximum responses are first obtained 
at 50 P/S; responses are few below 5 P/S. 


_ When the total period of stimulation is prolonged beyond 10 sec, stimulation 
of the pelvic nerve at 10 P/S or less evokes a response which is well maintained 
and declines very slowly while the stimulation continues: with stimulation at — 
50 P/S the contraction is not so well maintained even while the stimulation 
continues. If stimulation of the pelvic nerve at 10 P/S is continued for 30 sec 
and then, without interruption of stimulation, changed to a frequency of 
50 P/S there is diminution in the contraction which rapidly returns practically 
to its old magnitude when the frequency is restored, again without interrup- 
tion, to 10 P/S (Fig. 4). The decrease in contraction at the higher frequency 
can then hardly be attributed to exhaustion of the effector muscle. When the 
lumbar colonic nerves were subjected to a similar prolonged stimulation there 
was no sign of ‘escape’ from the inhibition and change of frequency within the 


range of 50 to 200 P/S during the actual stimulation made no observable 
difference to the response. 
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The effect of frequency of stimulation on the time-relations of the responses 
was studied by measuring the latent period and the time required for the 
response to reach its maximum. The results are given in Table 2. The latent 


Fig. 4. Colon of the rabbit in vitro. Stimulation of the pelvic nerves. Increase in the frequency of 
stimulation from 10 to 50 P/S or to 100 P/S decreases the amplitude of the contraction: the 
contraction rises to its old level on restoring the frequency to 10 P/S. 


TaBLE 2. The influence of the frequency of the recurrence of the stimulating pulse on the latent 
period of the response and on the time to reach the maximum response 


The frequency is indicated as pulses per sec at the head of each column 


Time to reach maximum response 
Latent period (sec) (sec) 
131 — 41 O8 O8 07 —_ — 99 65 46 40 — 
132 09 O9 O7 O8 06 —_ 10 108 69 48 28 — 
133 30 13 85 40 32 29 — 


Responses from stimulation of the pelvic nerves: the latent period is short and the responses 
quickly reach their maximum. 


111 6 — 22 10 — 6 7 8 


132 — 68 38 22 13 £24 — 5 & S51 8 64 
133 — — §0 30 30 21 — — & 58 66 4 


Responses from stimulation of the lumbar colonic nerves: the latent period is long and a con- 
siderable time elapses before the maximum is attained. 


period of the response to stimulation of the lumbar outflow is consistently 
greater than the latent period when the pelvic outflow is stimulated. This 
difference is well marked even at the optimal frequencies of stimulation for 
each outflow. The time which elapses before the response reaches its maximum 
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also varies with frequency (Table 2). The response to stimulation of the pelvic 
nerves at all effective frequencies develops more rapidly than the response 
to stimulation of the lumbar colonic nerves. On stimulation of the lumbar 
outflow the maximum degree of’ inhibition occurs well after cessation of 
stimulation. | 

The effect of frequency of stimulation was also studied with the Trendelen- 
burg preparation. Stimulation of the pelvic nerves invariably caused con- 
traction of both muscle coats: stimulation of the lumbar outflow caused 
inhibition of both coats. 

The effect of the duration of the individual electrical pulses. In a number of 
experiments single pulses were used of various durations up to a maximum of 
1-44 see. In only one preparation did such single pulses evoke a response from 
stimulation of the pelvic nerve: there was a slight contraction. Single pulses 
never evoked a response when the lumbar colonic nerves were stimulated. 

An attempt was made to find the threshold for the duration of the pulses. 
Previous tests showed that increasing the duration of pulse beyond 1-0 msec 


and up to 100 msec did not lower the voltage required to stimulate the pelvic _ 


nerves. Using a pulse duration of 1-0 msec and with the optimal frequency 
for each outflow, the voltage was gradually increased from zero until a response 
was obtained. This was taken as the ‘rheobase’, a value usually between 5 and 
8 V. The voltage was then doubled for subsequent use in determining the 
threshold for pulse duration, our ‘chronaxie’. Progressive reduction in the 
duration of the pulse from 1-0 msec had no effect on the response until a 
duration of 0-05 msec was reached (Fig. 5). At this level there was a reduction 


in the response from stimulation of both the pelvic and the lumbar colonic 


nerves. This reduction in the response appeared at all frequencies of stimula- 
tion but was proportionately somewhat greater at low frequencies.. When the 
duration of each pulse was reduced to 0-01 msec there was no response from 
stimulation of either outflow with double the ‘rheobase’. A response with a pulse 
duration of 0-01 msec could, however, be obtained if the voltage was greatly 
increased to something of the order of 10 times the ‘rheobase’. Variation in the 
duration of the pulses on no occasion altered the characters of the responses. 

The effect of the total duration of the repetitive stimulation. McSwiney & 
Robson (1931), stimulating the mesenteric periarterial nerves in vitro of a 
muscle strip from the stomach of cats and of rabbits, found that ‘short 
periods’ of ‘faradic stimulation’ might produce a motor response instead of 
the usual inhibition. In the rabbit colon preparation we never found that the 
duration of the stimulation had an effect on the nature of the response. The 
response was always motor from the pelvic outflow and inhibitor from the 
lumbar outflow. The duration of stimulation ranged from 1 sec to 4 min 


with the pelvic nerve and from 8 sec to 4 min with the lumbar colonic 
nerves. | 
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Fig. 5. Colon of the rabbit in vitro. The effect of varying the duration of the pulses. Duration of 
pulse below each graphic. (A) Stimulation of the pelvic nerves at 15 V with 10 P/S. (B) 


Stimulation of the lumbar outflow at 15 V with 100 P/S. 
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The effect of the amplitude (intensity or voltage) of the pulse. To find the 
threshold for the amplitude of the pulse the voltage was gradually increased 
from zero. The first responses were always motor from the pelvic nerves and 
inhibitor from the lumbar colonic nerves. Further increase in voltage merely 
increased the magnitude of the response. When the maximum response was 
attained further increase in voltage was without effect on the observed 
response. 

The effect of the state of the ‘ peripheral mechanism’. Some preparations of the 
colon show more active rhythmical movements than do others. Stimulation 
of the'lumbar colonic nerves caused a much greater lengthening in some pre- 
parations than in others, presumably owing to a greater initial state of tone. 
It seems probable that these variations were due to a difference in the intrinsic 
activity and in the tonus of the preparation, Whatever the state of the prepara- 
tion, however, stimulation of the pelvic nerve always gave a motor response 
and stimulation of the lumbar colonic nerves always caused inhibition. The 
state of the ‘peripheral mechanism’ did not affect the character of the 
response. 

The action of hexamethonium and of atropine. Hexamethonium iodide or 
bromide at concentrations between 1 x 10-4 and 3 x 10-4 of the base blocked 
the response to stimulation of the pelvic nerve without affecting the response 
to stimulation of the lumbar outflow. The tone and rhythmic contractions of 
the preparation and its response to acetylcholine were unaffected by con- 
centrations of hexamethonium which caused complete block of the pelvic 
outflow. The lowest concentration ever found to produce a definite decrease 
In response was 1 x 10-5; a concentration of 5x 10-5 always induced some 
degree of block. The action of C6 could be abolished by washing out the 
solution of the drug, but a considerable time elapsed before the response to 
stimulation of the pelvic nerves returned to its previous magnitude (Fig. 6). 

In low concentrations the ability of atrophine sulphate to block the motor 
effect from stimulation of the pelvic nerves was somewhat variable. 
However, a concentration of 1x 10-* always caused complete block. Such 
doses increased the tone and produced a flurry of rapid rhythmic movements. 
On stimulation of the pelvic outflow there was not the slightest suggestion 
of inhibition after abolition of the motor response by use of atropine. The 
inhibitor response from stimulation of the lumbar outflow was, however, 
unaffected (Fig. 7). 


The response to stimulation of a ‘mixed’ nerve 
The optimal frequency for stimulation of the pelvic nerve is in the neigh- 
bourhood of 10 P/S8; that for the lumbar colonic nerves, on the other hand, is 
about 100 P/S. Moreover, the contraction elicited by stimulation of the pelvic 
nerve is rapid and not sustained after cessation of stimulation, while the 
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Fig. 6. Colon of the rabbit in vitro. In all cases the voltage of the stimulating current was 15, 
the duration of each pulse 1 msec but the pelvic nerves were stimulated at 10 P/S, the lumbar 
colonic nerves at 100 P/S. Between A and B hexamethonium was added to the bath to give 
a concentration of 2 x 10-*. Between B and C the preparation was repeatedly washed. 


Fig. 7. Rabbit colon in vitro. The effect of atropine on the responses from stimulation of the pelvic 
and of the lumbar colonic nerves. A, before adding atropine; B, in the presence of atropine 
sulphate 2 x 10-*; C, shortly after washing ; D, 1 hr after washing. 
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inhibition produced by stimulation of the lumbar colonic nerves is somewhat 
delayed in onset and persists for a considerable time after cessation of the 
stimulation. If a mixture of nerve fibres from both outflows could be simul- 
taneously stimulated then it might be possible to evoke at will either inhibition 
or contraction according to the frequency of stimulation used. Low frequencies 
ought to favour motor responses and, if the frequency were at, or above, the 
threshold for the pelvic nerve and below the threshold for the lumbar colonic 
nerves, then the response ought to be purely motor. High frequencies should 
be optimal for stimulation of the lumbar outflow but beyond the optimum for 
eliciting a response from the pelvic nerves. Then the response from simul- 
taneous stimulation of both outflows should be mainly inhibition with possibly 
a small initial contraction. With intermediate frequencies one would expect 
from stimulation of the pelvic component of the ‘mixed nerve’ initially a con- 
traction of short latent period and developing rapidly. Thereafter should 
appear inhibition from stimulation of the lumbar component, the inhibition 
developing later and persisting for a considerable time. 

To test this possibility three methods were used to obtain a ‘mixed’ nerve. 
(1) The upper electrode on the lumbar colonic nerves was advanced as far as 
possible along the inferior mesenteric artery towards the colon in the hope of 
reaching a position at which some of the sacral colonic (parasympathetic) 
nerves join the periarterial network. In short we were deliberately taking 
advantage of the old observations of Langley & Anderson (1895). This method 
gave a naturally ‘mixed’ nerve, but it had the disadvantage that it was diffi- 
cult to advance the electrode sufficiently far along the inferior mesenteric artery 
to reach sacral colonic fibres innervating the actual preparation of the colon. 
Moreover, when thus advanced close to the colon, the electrode usually inter- 
fered to some extent with the free movements of the preparation. (2) This 
difficulty was overcome by removing the pelvic nerve from the lower electrode 
and pulling it through the upper electrode along with the lumbar colonic 
nerves. An artificially ‘mixed’ nerve was thus produced, still, however, in the 
one electrode and simultaneously exposed to the same stimulus. (3) While 
still retaining the two electrodes in position on the separate outflows the 
stimulating current was passed through them in parallel. 

Whichever method was subsequently used the nerves were first stimulated 
separately at various frequencies. This practice ensured that the two separate 
outflows were fully effective and giving their characteristic responses and 
enabled us to find a low frequency of stimulation effective with the pelvic 
nerve but ineffective with the lumbar colonic nerves. The nerves were then 
“mixed ’. 

The results from both naturally and artificially ‘mixed’ nerves were similar. 
Frequencies previously found to be effective for the pelvic nerve but ineffective 
for the lumbar outflow now gave a pure motor response. High frequencies, 
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known to be optimal for the lumbar outflow, produced almost pure inhibition 
with, sometimes, a small initial contraction; intermediate frequencies gave 
biphasic responses, first contraction then inhibition. This inhibition persisted 
after cessation of stimulation. By ringing the changes on these intermediate 
frequencies one could at will augment either the motor or inhibitor response. 
Fig. 8 shows all these responses in one preparation. 


Fig. 8. Colon of the rabbit in vitro. Effect of simultaneous stimulation of the pelvic and lumbar 


outflows in the same electrode. Voltage of current 15, duration of each pulse 1 msec in all 
cases. Frequency of stimulation is shown on each graphic. A 1, 2, 3: stimulation of pelvic 
nerve alone. A 4, 5, 6: stimulation of the lumbar outflow alone. B 1, 2, 3, 4, 5, 6: the same 
preparation after artificial ‘mixing’ of these outflows. Low frequencies cause pure con- 
tractions; high frequencies pure inhibition : intermediate frequencies give a biphasic response. 
Time marks, 10 sec throughout. 


DISCUSSION 
For many years now the old belief that the parasympathetic outflow to the gut 
is invariably motor in function while the sympathetic is inhibitor has been 
suspect. There can be few who escape a twinge of conscience when teaching 


a 
. 
d 3 
Y 
4 
had “4 
Bs 
| 4 
| 
4 AZ 
4 
n 
3 ta 
4 
: 
WE he 
) 
d a 
4 
a 
4 
‘ 
T 
a 
ag 
x 
4 
C 
4 
en 
7 
3 
ve 
4 
4 


572 R. C. GARRY AND J. 8. GILLESPIE 


the old dogma. Yet alternative hypotheses are not attractive. To try to explain 
the erratic experimental results by invoking the paramount influence of a 
‘peripheral mechanism’ runs counter to the general belief in the dual nature 


of the autonomic nervous system. Is the state of the ‘peripheral mechanism’ 


to predetermine the result irrespective of whether the —- or para- 
sympathetic outflow goes into action? 

The fairly general observation that stimuli applied at low frennuaey. favour 
motor responses while stimuli at high frequency bring about inhibition suggests 
at once that the inhibition is a manifestation of fatigue. This is a tenable 
hypothesis until we have more information about the frequency of impulses 
normally transmitted by the autonomic outflows. Nevertheless, the fact that 
low frequencies usually have a motor action and high frequencies an inhibitor 
action both with sympathetic and with parasympathetic outflows once more 
runs counter to the belief in the dual nature of the autonomic outflows. And 


Fig. 4 of the present paper shows that the reduction of the response at high — 


frequency of stimulation is not due to exhaustion of the effector muscle cells. 

A more hopeful approach is to postulate the existence of motor and of 
inhibitor fibres in both the sympathetic and parasympathetic divisions of the 
autonomic system. Langley (1922) had some such idea in mind for the con- 
stitution of the vagal supply to the gut. Harrison & McSwiney (1936) found 
that motor responses in the stomach, from stimulation both of the vagus and 
of the sympathetic outflows, were augmented by the presence of eserine and 
abolished by the presence of atropine. They therefore concluded that cholin- 
ergic fibres reached the stomach not only by the vagi but also by the 
sympathetic trunk and by the splanchnic nerves. Ambache (1951) and 
Ambache & Edwards (1951) bring forward evidence that the cells in the 
myenteric plexus, conventionally regarded as stations on the parasympathetic 
outflow, are of two kinds—either motor or inhibitor. In support of this con- 
ception it should be remembered that extrinsic autonomic outflows to the gut 
do have each a dual function. The parasympathetic outflow is motor to the 
gut proper but inhibitor to sphincters; the action of the sympathetic is in the 
opposite sense. Moreover, when stimulation of the parasympathetic outflow 
evokes peristalsis, this is an activity still thought by many to involve 

‘ascending contraction’ and ‘descending inhibition’. 

However this may be, it is often forgotten that the observations, which are 
held to be incompatible with the belief that the parasympathetic outflow is 
essentially antagonistic to the sympathetic outflow, were made by stimulation 
of quite large nerves such as the vagus, the splanchnics and the periarterial 
mesenteric branches. These last certainly have fibres both of sympathetic and 
of parasympathetic origin. Mitchell (1953), in his book, reviews the available 
evidence. He concludes that certainly the vagus and possibly the sympathetic 
outflow to the viscera are ‘mixed’ containing both sympathetic and para- 
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sympathetic fibres. Kuré, Ichiko & Ishikawa (1931), moreover, put forward 
the revolutionary idea that “spinal parasympathetic’ fibres emerge in dorsal 
roots of the spinal cord and run through the sympathetic chain to all of the 


- gut with the exception of the large intestine. 


One should never forget, too, that workers in the past were greatly handi- 
capped by poor stimulators. They were very conscious of their handicap and 
made brave attempts to calibrate induction coils in terms of definite units such 
as the ‘Z units’ of Martin (1912). We now have a great advantage over our 
predecessors and can at will vary the strength, duration and frequency of the 

stimulating pulses. 

Owing to the anatomical arrangement it is probable that the macroscopic 


nerves supplying the caudal region of the colon are ‘pure’ parasympathetic or — 


sympathetic, at least close to their origin. If this be so, and if these two out- 
flows are always functionally in opposition, then stimulation should evoke, 
whatever the frequency, whatever the state of the ‘peripheral mechanism’, 
consistently either a motor or inhibitor response. Such in fact proves to be the 
case with the colon of the rabbit in vitro. In addition, the power to alter at 
will the frequency of the stimulating pulses brought to light a consistent 
difference in the sensitivity of the sympathetic and of the parasympathetic 
outflows to the frequency of the pulses. 

This difference, which we found, would go far to explain the findings of 
past workers if the nerves they stimulated were in fact ‘mixed’, containing 
axons with the characteristics of the parasympathetic ouflow and also axons 
with the characteristics of the sympathetic outflow. McSwiney & Robson 
(1929), eliciting contraction by stimulating the vagus supply to strips of the 
stomach in vitro, found maximum summation from two stimuli when the 
interval between them was 0-1 sec. This is a frequency of 10 P/S. Brown et al. 
(1930) obtained motor responses from the stomach by stimulating the thoracic 
sympathetic chain at 1 or 2 P/S but inhibition when the frequency ranged 
from 10-60 P/S. Veach (1925), stimulating the vagus to the stomach, elicited 
motor responses with stimuli at frequencies ‘as low as 1 pulse in 3 to 5 sec’ 


_and inhibition at over 40 P/S. Again, McSwiney & Robson (1931), stimulating 


the periarterial nerves to strips of the stomach in vitro, obtained contraction 
at 1-12 P/S and inhibition at 4-45 P/S. We were able to mimic what we believe 
to be the state of affairs in the autonomic outflows to the cranial! region of the 
gut by simultaneously stimulating both the pelvic and lumbar outflow to the 
colon. We then obtained at will from this ‘mixed’ nerve a ‘pure’ para- 
sympathetic effect with low frequencies of stimulation and a ‘pure’ sympa- 
thetic effect with high frequencies. 


The time relations of the responses of the colon to stimulation of the two. 


outflows are also distinctive. The response to stimulation of the pelvic nerves 
is rapid and not sustained, that to stimulation of the lumbar outflow is delayed 
37 PHYSIO. CXXVIII 
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and prolonged. This difference enabled us to produce at will, by simultaneous 
stimulation of the two outflows to the colon, a biphasic response when we used 
frequencies effective for both outflows. The rapid contraction from the pelvic 
innervation preceded the later inhibition from the lumbar outflow. If these 
results from stimulation of an artificially ‘mixed’ nerve to the colon are valid 
also for natural, anatomically ‘mixed’, nerves supplying other regions of the 
gut then a simple explanation is to hand for many of the past results which 
were apparently inconsistent with the classical view of the autonomic innerva- 


tion of the gut. And future work may be helped if the distinctive attributes of 


the outflows to the colon in the rabbit also apply to the extrinsic innervation 
of the alimentary canal in general. 

Our results, unfortunately, do not begin to explain the differences in the 
sensitivity of the two outflows: neither do they explain the different time 
relations of the two responses from the preparation. Stimulation of the pelvic 
outflow was perforce preganglionic, that of the lumbar outflow was probably 
largely postganglionic. Yet the response to stimulation of the preganglionic 
fibres of the pelvic nerves occurred more rapidly than the response to stimula- 
tion of the postganglionic fibres of the lumbar outflow. It may be that the 
different nature of the response, contraction as distinct from relaxation, plays 
some part in the speed of the response. And one cannot exclude the possibility 
that the mechanical conditions of the preparation in vitro also have an effect. 
It goes without saying that such intimate details as the sites of liberation of 
the transmitters, the rates of liberation, of diffusion, of destruction and of 
resynthesis of these same transmitters may all play a part. 

There is a further major gap in our knowledge. We do not yet know the 
effect of variation in the frequency of the pulses of the stimulating electrical 
current on the behaviour of the nerve impulses in the actual nerve fibres to the 
gut. We do not know what is happening in the myenteric plexus, we have no 
picture of the pattern of the impulses leaving the plexus to the effector muscle 
cells. It is unlikely that we shall fully understand the functions of the extrinsic 
innervation of the gut until we have a complete picture of the nature and 
pattern of the normal outflow of impulses from the spinal cord. 


SUMMARY 


1. Stimulation of the pelvic nerves to the colon of the rabbit in vitro always 
causes contraction: stimulation of the lumbar outflow to the colon always 
causes inhibition. The initial state of the ene, high tone or low tone, 
does not affect the results. 

2. The maximum contraction from the preparation is obtained when the 
pelvic nerves are stimulated with frequencies in the neighbourhood of 
_ 10 pulses/sec (10 P/S). Nevertheless, frequencies as low as 1 pulse/2 sec and 
as high as 1000 P/S still cause contraction. The response is rapid but not well 
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sustained. The presence of atropine or of hexamethonium in high concentration 
abolishes the response. 

3. The maximum inhibition of the preparation is obtained when the lumbar 
outflow is stimulated with frequencies of 100 P/S or over. Frequencies below 
5 P/S are rarely effective. The response is not rapid but persists for a con- 
siderable period after cessation of the stimulus. The presence of atropine or of 
hexamethonium does not abolish the response. 

4, Simultaneous stimulation of both outflows to the colon with low 
frequencies evokes a pure motor response: stimulation with high frequencies 
causes pure inhibition. Stimulation with intermediate frequencies gives a 
biphasic response, first contraction then relaxation. 

5. Our results suggest that, if extrinsic nerves to the gut contain both 
parasympathetic and sympathetic fibres, then frequency of stimulation may 
affect the character of the response. Thus could be ge ea many of the 


findings of past workers. 


One of us, J.8.G., is indebted to the McCunn Trustees for theaward of ascholarship. The Rankin 
Medical Research Fund of the University of Glasgow helped to supply apparatus. 
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LOCALIZATION OF REGIONS IN THE MEDULLA OBLONGATA 
OF SHEEP ASSOCIATED WITH RUMINATION 


By F. R. BELL anp A. M. LAWN 
From the Department of Physiology, Royal Veterinary College, London, N.W. 1 


(Received 3 January 1955) 


It is generally accepted that the motor fibres to the stomach and oesophagus 
originate in the dorsal nucleus of the vagus (Kuntz, 1953). Furthermore, 


attempts have been made to show that the efferent fibres to the stomach and 


oesophagus are derived from localized groups of cells within the dorsal nucleus. 
In order to demonstrate such specific topographical grouping of cells, most 
workers have employed the anatomical method where the vagi are sectioned 
at various levels and the retrogressive changes in the medullary nuclei studied 
later. The data available from such studies have been reviewed by Molhant 
(1910) and more recently by Mohiuddin (1953), the latter commenting on the 
limitations and contradictions of the method. The verification of these 
histological findings by physiological methods has been rarely attempted. The 
single exception seems to be Laughton (1929) who showed that, in the cat, 
faradic stimulation of the floor of the fourth ventricle overlying me dorsal 
motor nucleus produced increased gastric motility. : 

The importance of the vagal nerves and medullary reflex centres in the 
neural control of the reticulum, rumen and oesophagus has often been demon- 
strated (see Duncan, 1953). It has been suggested that the posterior brain 
stem contains a ‘reticulo-ruminal centre’ (Iggo, 1951). 

This paper gives an account of experiments undertaken to delimit the regions 
within the medulla oblongata from which contraction of the reticulum, rumen 
and oesophagus can be obtained by electrical stimulation. 


METHODS 


Nineteen adult Blackface x Kent sheep were used. The weights varied between 25 and 47 kg, the 
group included twelve females, the seven males were castrates. 

Anaesthesia was induced by the injection of thiopentone sodium into the recurrent tarsal vein, 
about 25 mg/kg initially, with supplements as required. After preparation anaesthesia was main- 
tained with 05% chloralose. The head was firmly secured in a head holder, the medulla exposed 
and the cerebellum removed by suction to expose the fourth ventricle, Body temperature was 
maintained within normal limits. 
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Respiration was recorded by connecting an O, filled spirometer to the cannulated trachea, the 
CO, was absorbed. When possible the trachea was opened to room air. oe 
recorded from a carotid artery with a mercury manometer. 

Reticulo-rumen, A balloon was placed as far forward as possible in the reticulo-rumen through 
an incision in the left flank. The rumen was closed by a purse-string suture enclosing the tubing 
connecting the balloon to a tambour, and the abdominal wall closed by sutures or clips. The 
balloon was then lightly inflated. In preliminary experiments this was the only record from the 
abdominal cavity, but it was found that confusion arose because of pressure transmitted to the 
ruminal cavity by the abdominal, diaphragmatic and thoracic muscles. To show the extent of 
these effects another similar balloon-tambour system was used with the balloon placed between 
the abdominal viscera and the body wall. It was hoped that measuring the pressure difference 
between the abdominal balloon and that in the ramen would determine the fraction of the intra- 
ruminal pressure caused by provoked ruminal motor activity from other factors. To facilitate this 
measurement a water manometer was connected between side tubes from the two balloon-tambour 
systems. The pressure record from the extra-ruminal abdominal balloon varied greatly, however, 
with its position in the abdomen. When the balloon was low and forward in the abdomen a fall in 
pressure occurred during ruminal contraction. If the balloon was withdrawn to a more posterior 
position and a similar ruminal contraction was evoked by identical medullary stimulation, a rise — 
in pressure in the balloon occurred. Because of these difficulties, it was not easy to assess accurately 
the pressure changes due solely to contraction of the smooth muscle of the reticulo-rumen. 

In the results reported, the abdominal balloon was placed posteriorly in the abdomen to avoid 
any direct influence from ruminal contraction. The intraruminal pressure given is always a con- 
servative estimate, the lesser of the two recorded measurements being quoted, i.e. either intra- 
ruminal pressure or the differential pressure between the ruminal and abdominal balloons. 

Ocsophagus. Two sausage-shaped, lightly inflated balloons were used, each connected to a tam- 
bour. They were introduced through the mouth, one into the cervical and the other into the 
thoracic oesophagus near to the cardiac orifice. 

Glottis, A current of air produced by a water pump was driven through the larynx via a glass 
cannula inserted into the laryngeal end of the divided trachea, and the pressure in the system was 
recorded by a tambour. Complete closure of the glottis caused a rise of pressure to a maximum 
limited by a spring-loaded escape valve, while narrowing of the glottis caused smaller pressure 
changes 


Larynx. A ligature attached to the laryngeal part of the trachea connected it to a tambour 
which transmitted the laryngeal movements to a recording tambour. Although movement of 
the animal was restricted to a minimum, contraction of the neck muscles did cause relative dis- 
placement of the system. A leak was arranged in the pneumatic transmitting system to avoid any 
lasting displacement of the recording tambour from these effects and yet record the brief move- 
ment of the larynx associated with swallowing. 

All tambours were fitted with rubber membranes suitable to the individval pressure ranges 
they were required to record. Neither the abdominal nor the oesophageal balloons were inflated 
to a degree that would, by itself, cause a pressure rise in the system. Immediately before each 
experiment the oesophageal, ruminal and extra-ruminal tambours were calibrated at 1 cm water 
intervals using a water manometer. The writing points were aligned vertically as nearly as 
possible. 

Stimulation. Two types of bipolar electrodes were used, one pair mounted concentrically and the 
other mounted separately. The outer electrode of the concentric pair was made from an 18-gauge 
stainless steel hypodermic needle and the inner was a stainless steel electrolysis needle (Hawkins 
and Co.). The electrodes were insulated using Araldite synthetic resin (Aero Research Ltd.) except 
for 0-25 mm of the tips. The tips were separated by 0-25 mm. The separately mounted pair was 
constructed from stainless steel wire (I.8.W. 32), insulated with Araldite resin, except for 0-25 mm 


of the tips. The electrodes were mounted 1 mm apart. Electrodes were tested for integrity of 
insulation before and after use. 
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The electrodes were carried by a stereotaxic instrument mounted on the head holder. After 
the experiment the head was perfused with normal saline (0-9% (w/v) NaCl solution) followed by 
5% (v/v) formol saline before being immersed in a vessel containing this fixative. After adequate 
fixation the appropriate parts of the brain stem were removed and 20, sections from paraffin were 
stained with Weil’s haematoxylin. The tracks of the electrodes were examined microscopically 
and correlated with the individual points of stimulation. 

The stimulus used was an alternating pulse, the positive and negative phases being equal in 
amplitude within 5%. The abrupt rise to a rounded peak required 0-3 msec and 90 % fall from the 
peak 1-5 msec. Amplitude and frequency of stimuli were checked frequently. The stimulator was 
isolated from the preparation by a transformer. In order to check the isolation a mock stimulation 
was occasionally made with only one electrode connected. The output impedance was 1kQ or less 
and the interelectrode resistance 10-50kQ. 

A stimulus of 10 V and a frequency of 50/sec was used routinely since this stimulus is convenient 
for producing reticulo-ruminal and oesophageal responses but is less effective in producing maxi- 
mum respiratory effects with associated abdominal contraction. The duration of the stimulus was 
15 sec and an interval of at least 2 min was allowed between stimulations. 


RESULTS 

Frequency. Using a stimulus intensity of 10 V, positive pressure increases 
in the reticulo-rumen were obtained with frequencies of stimuli varying from 
5/sec to 250/sec. Maximal effects were produced with a frequency of 50/sec, 
although 250/sec, 100/sec, and 25/sec were only slightly inferior. It was 
possible occasionally to induce small rises of pressure with stimuli applied at 
a frequency of 1/sec, but here the voltage had to be increased to 20 V. 

Voltage. When reactive regions of the medulla were excited with stimuli 
at 50/sec, the minimum intensity required to provoke a measurable rise of 
pressure in the reticulo-rumen was 1-2 V. In one experiment with stimuli 
frequencies of respectively 25/sec and 10/sec the intensity threshold for 
motor responses was 2 V in each case. Little difference was detectable in the 
thresholds determined with the two types of bipolar electrodes used. 


Nature of the reticulo-ruminal response 


In most of the preparations there was no spontaneous rhythmic activity of 
the reticulo-rumen so that evoked contractions could be readily recognized. 
Direct observation of the exposed stomach showed that with the onset of 
stimulation the reticulum contracted strongly and immediately and remained 
contracted during the period of excitation. A slow wave of contraction passed 
posteriorly over the dorsal sac of the rumen, but the ventral sac did not appear 
to take part in the response. 

A typical evoked response is illustrated in Fig. 1. The intragastric pressure 
record shows an abrupt rise, but this is followed by a gradual fall during the 
period of stimulation. On cessation of stimulation the pressure usually fell 
immediately to the resting value. The escape of the reticular contents into the 
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Intracervical 
oesophagus 


Arterial 8.P 


Respiration 


Signal 
Time =5 sec 


Fig. 1. Increased reticulo-ruminal pressure when locus in medulla is stimulated with 10 V at 
50/sec. Records from above downwards: glottis, intracervical oesophagus, intrathoracic 

_ oesophagus, rumen, abdomen, arterial B.P., respiration (inspiration represented by upstroke 
of spirometer), period of stimulation, time marker which shows 5 sec intervals. 
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relaxed ventral sac of the rumen, or. through the dilatable cardia, would 
account for the gradual fall of pressure, although contraction is sustained. 
The pressure responses recorded showed some variability inform. Although 
at the beginning of each experiment an attempt was made to place the balloon 
anteriorly in the reticulum this may not have been achieved in every case. 
Also contraction of the reticulum with ejection of its contents posteriorly to 
the rumen could displace the balloon. Ruminal contraction being delayed and 
slow compared with the more rapid reticular contraction, records taken from 
either reticulum or rumen are not identical in individual experiments. 
Pressure responses of a few millimetres to above 65 cm of water were 
recorded. The responses have been subdivided into two groups: one group 
where the pressure was less than 15 cm water and the other where the response 


_ was greater, Further subdivision of motor responses was not considered to be 


justified because of the difficulties in quantitative interpretation mentioned 
above. These subdivisions are distinguished on the diagrams by separate 


symbols (Fig. 2). On no occasion did medullary stimulation produce a fall in 


pressure. 

In two preparations inclanieias rhythmic contractions of the reticulum 
occurred, In one of these the contractions persisted throughout the experi- 
ment (7 hr), in the other for only 4 hr. These spontaneous contractions were 
of a similar amplitude (10 cm water) and frequency (1 hace to the cycle in the 


normal animal. 


Anatomical disposition of reactive medullary loci 


The whole of the rhombencephalon was explored during the course » of the 
experiments. Loci from which reticulo-ruminal responses could be evoked 
have been indicated on diagrams (Fig. 2). Several thousand other points were 
stimulated with negative results, but for sents these have been omitted from 
the diagrams. 

Positive responses could be repeated, either immediately or after some hours. 
Stimulation by movement of the electrodes never occurred. The preparation 
showed no obvious signs of deterioration, even after several hundred medullary 
stimulations. 

Reticulo-ruminal responses were obtained from points 6 mm cephalad to 
2 mm caudad of the obex. The reactive loci occur mainly in the lateral region 
of the medulla with the majority in the dorsal part of the lateral reticular 
formation. Some positive responses were obtained from the lateral reticular 
formation adjacent to the nucleus ambiguus. 3 


Bilateral stimulation of the medulla 
Simultaneous excitation of two reactive loci in opposite halves of the medulla 
with stimuli well above threshold produced no better effect than either locus 
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Fig. 2. The disposition of reticulo-ruminal and oesophageal regions plotted on projection drawings 
of the sheep medulla. The levels of the transections are indicated in millimetres with reference 
to the obex as zero. Reticulo-ruminal responses are shown on the right side of the diagrams: 
® indicates pressures up to 15 cm water; @ shows pressures more than 15 cm water. Oeso- 
phageal responses shown by A on left side of diagrams. R, restiform body; VJJ, facial 
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nucleus; CS, corticospinal tract; MVN, medial vestibular nucleus; SV NV, spinal vestibular 
nucleus; JO, inferior olivary nucleus; S, solitary tract and nucleus; MX, dorsal motor nucleus 
of vagus; H, hypoglossal nucleus; ACN, accessory cuneate nucleus; C, cuneate nucleus; 
AP, area postrema; NV, spinal nucleus of trigeminal; V, spinal tract of trigeminal; NA, 
nucleus ambiguus. 
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excited alone. When the stimulus was reduced so that the response from in- — 


dividual loci was minimal (0 to 5 cm water pressure rise), simultaneous stimula- 
tion resulted in summation of effect (25 cm water pressure rise). 


Efferent pathway of gastric motor fibres | 

When the reactive area of the medulla of one side is stimulated, the response 
is abolished when the vagus of that side is divided. This experiment was 
repeated on several'occasions with the same result, showing that the excitable 
regions lying either to the right or to the left of the midline supply efferent 
fibres only to the vagus of the same side, without any intramedullary 
decussation. 

Medullary stimulation after section of the spinal cord at C1 produced a 
similar response to that obtained before section. This was shown in three 
experiments in which artificial respiration was matched with the spontaneous 
breathing of the animal before cord section. At the end of the experiments the 
spinal cords were examined after formalin fixation and i in all cases the tran- 
sections were seen to be complete. 

In one experiment the brain stem was transected at the rostral pontine level 
and after a short search a responses were obtained. 


Optimal stimulus 


Frequency. When reactive loci were stimulated with an intensity of 10 V the 
motor effects improved as the frequency of the stimulus was increased from 
25/sec to 250/sec. At frequencies less than 25/sec the oesophagus showed only 
a twitch response with each stimulus without tonic contraction. 


Voltage. Stimulation at a frequency of 50/sec showed the voltage threshold _ 


to be greater than 1 V but less than 3 V. These values were similar with both 
types of bipolar electrodes. 


Motor responses of the oesophagus 


The intra-oesophageal pressure showed no spontaneous change ditties the 


course of an experiment, except those due to respiration. When intramedullary 
stimulation directly affected the oesophagus the pressure rose abruptly and 
was held until the end of stimulation when it fell immediately (see Fig. 3). The 
average pressure developed during contraction in the intrathoracic oesophagus 
was approximately 10 cm water above the resting level. 

The position of the reactive loci shown by systematic exploration has been 
projected on the left side of the transverse sections of the medulla (Fig. 2). 
All positive reactions have been inserted without any attempt to classify them 
in order of magnitude. Most of the responses occur from 3 to 7 mm rostral to 
the obex, although a few were noted even 2 mm caudal to the obex. The region 
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(cm H,0) 


intrathoracic 


oesophagus (cm HzO) 


Rumen 


Abdomen 


Respiration 


Arterial blood pressure 


Signal 


Time =5 sec 


Fig. 3. Increased oesophageal pressure when locus in medulla is 
stimulated with 10 V at 50/sec. 
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of positive oesophageal responses is restricted mainly to the dorsal half of the 
lateral reticular formation, although responses were sometimes elicited from 
regions extending into the descending tract and nucleus of the trigeminal 
nerve. | 

Stimulation of the vagr | 

Stimulation of the peripheral end of the divided cervical vagus produced 

effects on the reticulo-rumen and oesophagus comparable to those obtainable 
from the medulla oblongata with the vagi intact (Fig. 4). Stimulation of both 
right and left vagus produced the same response, and intensity and a tase 
thresholds were similar. 


Effects on the 


The threshold for reticulo-ruminal contraction was 0-5 V at 50 cycles, The 
upper limit of the response was not obtained on increasing the intensity, for 
even with 20 V at 50/sec the limit of pressure increase had not been attained. 
With this stimulus more than 65 cm water was recorded, which is the upper 
limit of the recording mechanisms used in the experiments. The effect of 
varying the frequency of the stimulus was the same as a described for 
medullary stimulation. 


Effects on the oesophagus 3 : 
Using stimuli at 50/sec the threshold for tonic increase in the intra-oeso- 
phageal pressure was 0-1 V. Variation in frequency of the stimulus produced 
similar results to those already noted after medullary stimulation. 
- In one-experiment the céntral vagus of one side was stimulated several times 
with 15 V at 50/sec, the other vagus being intact. No rumen contractions 
occurred, but the oesophagus showed sustained contraction, the heart was 
slowed and the carotid blood pressure lowered. 


Other responses 


During systematic stimulation of the medulla, respiration, blood pressure, 
heart rate, glottal and laryngeal movements were recorded in addition to 
oesophageal and reticulo-ruminal activity. This procedure was adopted in 
order to ascertain whether any combination of events could be revealed com- 
parable to the series of reflexes seen in the normal ruminating animal. 

Despite the less favourable stimulus the disposition of vasomotor and re- 
spiratory responses was consistent with the distribution already described for 
the sheep (Bell, 1950). Evoked reticulo-ruminal and oesophageal responses 
often occurred simultaneously with vasomotor and respiratory effects, but not 
invariably. Depression of blood pressure and cardiac slowing occurred more 
frequently in association with reticulo-ruminal activity, while pressor re- 
sponses occurred more often with oesophageal activity. This is probably due 
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to the fact that the oesophageal region extends further forward into the pressor 
region of the medulla. Apnoea with the chest in a passive position frequently 
occurred coincidentally with reticulo-ruminal and oesophageal activity but 
rarely did marked expiration or inspiration oceur in association with ruminal 
movement, | 

Glottal movements could be obtained from loci scattered widely throughout 
the medulla. Swallowing was often associated with ruminal movement but 
usually occurred immediately following cessation of central stimulation, there- 
fore it may have been due to reflex activity associated with ruminal contents in 
the oesophagus. Coughing, occurring on cessation of medullary a 
was noted in only relatively few instances. 


| DISCUSSION 

Laughton (1929) caused changes in gastric motility in the cat by unipolar 
faradic stimulation of the floor of the fourth ventricle overlying the dorsal 
motor nucleus. He concluded that both motor and inhibitory gastro-vagal 
fibres originate in the cephalic end of the dorsal vagal nucleus. This topo- 
graphical localization of a gastric region within the dorsal motor nucleus 
receives some support from the anatomical studies of retrograde change fol- 
lowing section of the vagi. Molhant (1910) considers that in the rabbit the 
gastric motor fibres arise from the anterior region of the dorsal nucleus of the 
vagus, but Getz & Sirnes (1949) found the abdominal organs to be represented 
over the entire length of the nucleus, except its most caudal end which contains 
the oesophageal representation. In the cat, Mohiuddin (1953) states that ‘no 
convincing evidence could be found that a greater proportion of cells become 
chromatolytic in one part of the nucleus than in another’. * 

These findings are very much at variance with the results described here and 
may be due to a difference between the ruminant and non-ruminant. On the 
other hand, the extent of the region described by Laughton for gastric activity 
was probably limited by the method employed. It is possible that exploration 
of the depth of the medulla would show an extension of the gastro-motor 
region in the same way as the ‘depressor point’ of Ranson & Billingsley (1916) 
was shown later by Wang & Ranson (1939) to be the dorsal margin of a larger 
depressor region. The responses produced in the dorsal lateral reticular forma- 
tion of the sheep may have resulted from stimulation of afferent or efferent 
vagal fibres since the response is identical to that produced when the divided 
peripheral vagus is stimulated. If this should be correct, it is difficult to 
account for the lack of response from the dorsal motor nucleus itself unless it 
can be accepted that the parameters of stimuli employed are optimal for the 
axon and not the perikaryon of the vagal neurone. Alternatively, it could be 
suggested that there is an extremely small number of gastric motor cells in the 
dorsal nucleus of the vagus, the axons of which branch and fan-out as they pass 
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laterally through the medulla, thus multiplying the number of evocable loci 
in the dorsal region of the lateral reticular formation. It must be emphasized, 
however, that the volume of tissue stimulated by the techniques used in the 
experiments described here is about 0-50 mm (Pitts, 1941; Bell, 1950), which 
does not allow precise correlation of stimulated loci with any component of the 
highly complex cellular arrangement within the reticular formation. Laughton 
(1929) refers to the fact that he was able to evoke gastric motor responses by 
stimulation of the dorsal vagal nucleus with a bristle. Mechanical stimulation — 
never occurred during the experiments described here. 

_ The response of the ruminal and reticular sacs of the ruminant stomach when 
activated centrally, or following stimulation of the peripheral vagus, differs 
markedly from that of the simple stomach. In the reticulo-rumen, contraction 
is abrupt with a short latency, is sustained and inhibitory effects never 


occur. This response contrasts with the phasic response and change of tone 


occurring in the simple stomach, and which can be controlled by the peri- 
pheral intrinsic mechanism (McSwiney, 1931). The variation in behaviour be- 
tween the reticulo-rumen and the simple stomach following centrally induced 
activity is further evidence of the specialized development of the ruminant 
stomach. 

Pressure variations recorded during the spontaneous cycles that occurred in 
two of the preparations showed a similar biphasic character and amplitude to 
those obtainable by means of an intrareticular balloon in a normal unanaesthe- 
tized sheep. The rise in intragastric pressure produced by medullary stimula- 
tion differed from that in the normal cycle in being monophasic, although the 
rate of rise and fall was similar. The maximal intragastric pressure change 
(more than 65 cm water) evoked by medullary stimulation was several times 
greater than the pressure recorded (10 cm water) during spontaneous cycles 
of unanaesthetized animals, When medullary stimulation was continued 
beyond the usual 15 sec, the pressure fell from the initial peak and often slow 
oscillations, with a period of about 5 sec, occurred about a mean pressure of 
half the peak value. On cessation of these relatively long stimulations the 
induced pressure fell rapidly to the resting level. 

Iggo (1951) showed that the efferent limb of reflexes controlling reticulo- 
ruminal movement is in the vagus. This received support from the experiments 
discussed here since bilateral section of the vagi abolishes the effects on the 
reticulo-rumen evoked by intramedullary stimulation. The observation that 
intramedullary stimulation can induce reticulo-ruminal contraction after 


_ elimination of sympathetic and spinal pathways provides additional confirma- 


tion of this view. The fact that summation of response is possible from two 
loci, one on either side of the midline, is probably due to the anatomical 
arrangement of the efferent fibres in the thoracic vagus. Ellenberger (1883) 
has shown that in the sheep the right and left cervical vagi divide and reunite 
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to form common dorsal and ventral trunks, both of which have extensive 
distribution to the reticulum. The unilateral organization of the efferent motor 
channel to the reticulum is shown by the observation that section of the vagus 
of one side abolishes responses evoked from the medulla of the same side, but 
not from the opposite side with its intact vagus. It would appear, therefore, 
that motor pathways concerned are arranged unilaterally in the medulla. This 
arrangement is quite distinct from the bilateral organization of other co- 
ordinating mechanisms situated in the medulla such as the respiratory centre 
(Pitts, 1946). 

The oesophageal response on central stimulation was an immediate rise in 
pressure, which was sustained throughout the period of stimulation, with an 
immediate return to normal after stimulation ceased. The intrathoracic 
oesophagus usually showed motor effects more clearly, but as a rule both 
cervical and thoracic portions reacted together and similarly. The striated 
muscle of the ruminant oesophagus showed a twitch response throughout its 
length when the medulla was stimulated at a frequency of 1/sec. 

The transverse segment of the medulla oblongata from which movements of 
the reticulum and rumen have been obtained has been shown to yield respira- 
tory and vasomotor responses (Bell, 1950; Amoroso, Bell & Rosenberg, 1951, 
1954). During the present experiments this delimitation of medullary regions 
from which respiratory and vasomotor responses can be evoked has in general 
been confirmed even though the stimulus chosen exerted minimal effects on 
these systems. A reticulo-ruminal effect from a single locus was often accom- 
panied by changes in one or more visceral regions, i.e. oesophagus, cardio- 
vascular and respiratory systems. The recorded pattern of responses often 
changed completely when the electrodes were moved by 0-5 mm showing that 
the spread of stimulating currents to adjacent regions played a small part in 

the production of this pattern. It is possible to postulate, therefore, that the 
region of the reticular formation lying a few millimetres in front of the obex 
may be concerned in the regulation of many visceral processes and that the 
neural elements responsible for these processes are commingled. This view 
receives some support from the fact that in the sheep this region of the medulla 
shows an undifferentiated complex of neurones of great diversity of size and 
form, together with a vast number of nerve fibrils which pass in all directions 
(Bell, 1950). 

In rumination, it has been shown that contraction of the reticulum associated 
with an inspiratory effort with a closed glottis causes part of the contents of 
the reticulum to pass to the mouth for remastication (Bergmann & Dukes, 
1926). This sequence of events has not been obtained by electrical stimulation 
of the medulla oblongata of the sheep, nor would it appear likely that such an 
orderly series of movements could be obtained under experimental conditions 
when even reticular contractions are usually abolished by the anaesthetic. The 
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possibility remains, however, that this level of the brain ‘stem may be con- 
cerned in co-ordinating the diverse events of rumination and that it contains 
the ‘reticulo-ruminal centre’ postulated by Iggo (1951). 


SUMMARY 


ae ‘The niieballe oblongata of sheep was explored systematically hy means of 
ssutaical stimuli from bipolar electrodes orientated by a stereotaxic instrument. 
Reticulo-ruminal, oesophageal, laryngeal, glottal, respiratory and cardio- 
vascular responses were recorded. Stimulated loci were identified histologically. 
_ 2. A stimulus of 10 V at 50/sec was found to be satisfactory for producing 
responses of the reticulo-rumen and oesophagus. These responses were con- 
sistent and reproducible even after transection of the rhombencephalon at the 
pontine level and the spinal cord at C1. 

3. Reticulo-ruminal responses were obtained fron within the limits 6 mm 
cephalad to 2 mm caudad to the obex. The reactive loci occur in the lateral 
 tegion of the medulla, mainly in the dorsal part of the lateral reticular 
formation. 

4, The majority of oesophageal responses were obtained from a similar 
anatomical position but the reactive area lay within limits 3 and 7 mm in 
front of the obex. 

5. The motor effect on the reticulo-rumen elicited by central stimulation is 
mediated via the vagal nerves without any intramedullary decussation. 

6. The medullary disposition of various other responses, glottal, laryngeal, 
respiratory and cardiovascular, are discussed in relationship to the motor areas 
for reticulo-rumen and oesophagus. : 

7. The reticular formation lying a few millimetres in front of the obex is 
concerned in the regulation of many diverse visceral processes and the neural 
elements responsible for these processes are commingled. This region contains 
a ‘reticulo-ruminal centre’ and may co-ordinate the chain of reflexes associated 
with rumination. 

We wish to express our thanks to Prof. E. C. Amoroso for help and encouragement throughout 


_ these experiments and to the Central Research Fund of the University of London for a grant 
which aided the work. 


REFERENCES 

Amoroso, E, C., Betz, F. R. & Rosznpera, H. (1951). The localization of respiratory regions in 
the rhombencephalon of the sheep. Proc. Roy. Soc. B, 139, 128-140. 

Amoroso, E. C., Brix, F. R. & RosenBere, H. (1954). The relationship of the vasomotor and 
respiratory regions in the medulla oblongata of sheep. J. Physiol. 126, 86-95. 

Bex, F. R. (1950). Areas of functional activity in the rhombencephalon of the sheep. Thesis, 
University of London, 

Brremann, H. D, & Duxes, H. H. (1926). An experimental study of the mechanism of regurgita- 
tion. J. Amer. vet, med. Ass. 69, 600—612. 

| ogres D. L. (1953). The effects of vagotomy and splanchnotomy on gastric motility in the 

sheep. J. Physiol. 119, 156-169. 

38-2 


<4 
A 
a 
¥ 
vg 
* 
fa 
as 


592 F. R. BELL AND A. M. LAWN 


ELLENBERGER, W. (1883). Die Folgen der einseitigen und doppelseitigen Lahmung der Nervus 
vagus bei Wiederkauern. Arch. wiss. prakt. Trerkeitk. 9, 128-147. 

Getz, B. & Srrwzs, T. (1949). The localisation within the dorsal motor nucleus. J. comp. Neurol. 
90, 95-110. 

Iaao, A. (1951). Spontaneous and reflexly elicited contractions of reticulum and rumen in 
decerebrate sheep. J. Physiol. 115, 74-75 P. 


Kuntz, A, (1953). The Autonomic Nervous System, 4th ed. Philadelphia: Lea and Fabiger. 


ecg iret N. B. (1929). The effects on the stomach of stimulation of the: dorsal vagal nuclei. 
Amer. J. Physiol. 89, 18-23. 


nicetwiite B. A. (1931). Innervation of the stomaeh. Physiol. Rev. 11, 478-514. 
Moxtupprin, A. (1953). Vagal preganglionic fibres to the alimentary canal. J. comp. Neurol. 99, 
289-317. | 


Moxuant, A. (1910). La noyau dorsal du vague. Névrare, 11, 131-244. 

Prrrs, R. F. (1941). The differentiation of respiratory centers. Amer. J. Physiol. 184, 192-201. 

Prrts, R. F. (1946). Organization of the respiratory center. Physiol. Rev. 26, 609-630. 

Ranson, 8S. W. & Bruttinasiey, P. R. (1916). Vasomotor reactions from stimulation of the floor 
of the fourth ventricle. Amer. J. Physiol. 41, 85-90. 


Wane, 8. C. & Ranson, 8. W. (1939). Autonomic responses to electrical stimulation of the lower 
brain stem. J. comp. Neurol. 71, 437 455. 


“ 
an 
? 
“a 
val 
Su 
of 
rec 
he 
is 
4 ] 
~ 
att 
mu 
fib 
q of 
ty 
as 
G 
a 
PP 
bar 
(19% 
cap 
4 fibr 
q 
~ 


J. Physiol. (1955) 128, 593-607 


TENSION RECEPTORS IN THE STOMACH AND 
THE URINARY BLADDER 


pices By A. IGGO 
From the Physiology Department, University of Edinburgh 


(Received 21 January 1955) 


The existence of receptors in the abdominal and pelvic viscera of mammals 
has long been known from the reflex responses which can be elicited by a 
- variety of experimental procedures (Ranson, 1921; Irving, McSwiney & 
Suffolk, 1937). Hurst (1911) made an extensive clinical study of the sensibility 
of the alimentary canal, and concluded that a form of ‘muscle-sense’ existed . 
in all parts of the alimentary canal, but did not further investigate the — 
receptors. 

Afferent impulses from gastric and intestinal receptors of the cat have been 
recorded in the splanchnic nerves and in fine mesenteric nerve strands by 
Gernandt & Zotterman (1946) and in the cervical vagus by Paintal (1954). 

_ Impulses in hypogastric and pelvic afferent fibres from bladder receptors of 
| the cat have been recorded by Evans (1936) and of the dog by Talaat (1937). 
_ It has been customary to regard the sense endings as stretch receptors, but no 
attempt has been made to establish whether the activity is related to muscle 
tension and, if so, whether the receptors are ‘in parallel’ or ‘in series’ with the 
muscle fibres. 

The problem has been re-investigated by recording from single afferent 
fibres in the cervical vagus and the pelvic plexus. Particular attention has 
been directed to the discharge in single fibres during distension and contraction 
of the viscera and to the size of the afferent fibres. A preliminary account of 
this work has been published (Iggo, 1954). 


METHODS 

_ Gastric afferent fibres. Goats were anaesthetized by an intrajugular injection of pentobarbital, 
approx, 25 mg/kg. Anaesthesia was maintained for as long as 18 hr by an intravenous pento- 
barbital drip (6 mg/ml.). The preparations were kept at 37-39° C on a heated table, supplemented 
with hot-water bags. The single fibre dissection technique was similar to that described by Paintal 
(1953) and the cervical vagus was immersed in a pool of liquid paraffin B.P. Electrical activity | 
was picked up with Ag/AgCl wire electrodes and was amplified by a conventional resistance- _ 
| capacitance coupled amplifier, fitted with a loudspeaker. The action potentials were displayed on a: 
cathode-ray tubes and recorded photographically on moving bromide paper. The gastric afferent | 

fibres are less than 5 diameter and the amplitude of the electrical signal, picked up by external 
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Ag/AgCl electrodes rarely exceeded 50V in single fibre preparations and was less in multifibre 
preparations. Because the impulses in fibres from lung stretch receptors were large and had a high 
discharge frequency, they masked the small gastric afferent impulses, even when a loudspeaker 
was used, and made the isolation of the gastric fibres more tedious. 

A gastric balloon was inserted through an incision in the ventral pole of the reticulum or was 
placed in the reticulum through the rumino-reticular orifice, which was approached from an 


incision in the left dorsal blind sac of the rumen. The incision and abdominal wound were then — 


closed by sutures. The balloon was connected by a polythene tube to a calibrated pump which 
delivered known volumes of air. A capacitance manometer using an amplifier based on the circuit 
mercury manometer. 

Pelvic afferent fibres. Cats, preferably young ‘unis animals weighing 2-5-3 kg, were anaes- 
thetized with chloralose, 80 mg/kg, after induction with ethyl chloride and ether. 

The pelvic plexus was exposed by a midventral incision, and resection of the ischium pubis. 
Particular care was taken to avoid exposing the urinary bladder to the air. The urethra, bladder 
and plexus were immersed in liquid paraffin B.P. at 37-39° C after cannulating the urethra. 

Saline (09%, w/v, NaCl solution) 39°C, was injected into the bladder from a syringe or more 
frequently was allowed to flow in from a reservoir at heights of 10-60 cm above the bladder. The 
intravesical p W ded with a cond anometer, connected tothe bladder by narrow 
polythene tubing. The bladder volume was recorded by registering the capacitance changes in 
@ narrow vertical sidearm of the reservoir. The reservoir was designed so that a 5 ml. change in 
volume of the bladder altered the fluid level in the reservoir by 1-3 mm. 

Recognition of single fibre wnits. To ensure that the results presented were from single gees, the 
following criteria were adopted: 

(a) Uniformity of size and shape of the impulse; frequently two units were active in a single 
filament. Unless the impulses were clearly distinguishable, e.g. Fig. 5, the strand was divided to 
give single fibres. Two-unit preparations were particularly useful in providing a comparison of the 
response of individual receptors under identical experimental conditions. 

(b) Regularity of rhythmic discharge; this was recognizable even in multifibre preparations, 
and was useful in dissection. 

(c) Specificity and repeatability of response. 


RESULTS 
Gastric afferent fibres in the goat 
Two types of gastric afferent fibres were distinguished by the discharge during 
maintained gastric distension. 

(a) Sustained discharge. Eleven single fibres were found in which the 
response to maintained inflation of the stomach was a slowly adapting or 
non-adapting discharge of impulses. Two fibres had a resting discharge of 
9-14/sec, when the stomach was empty, and a third discharged impulses 
during the inspiratory phase of respiration. The rest were silent when the 
stomach was empty. The rate of discharge of three of these fibres had a linear 
relation to the volume of gastric inflation. At high volumes of inflation, 
sufficient to cause a marked rise in intragastric pressure, this relation was not 
found (Fig. 1). 

There was no similar proportionality between the discharge of sei and 


the intragastric pressure, but the rate of firing rose isies the pressure was 
increased. 
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(b) Intermittent discharge. Hight single fibres were found in which, with the 
stomach empty, there were infrequent bursts of impulses lasting 1-5 sec, 
which recurred at intervals up to 30sec. The discharge was not related to 
respiratory or cardiovascular activity. With the stomach distended the peak 
frequency was as high as 40/sec, the duration of the discharge was longer and 
the bursts of impulses were more frequent. With some fibres the silent 
intervals were absent at large volumes of inflation. In these conditions the 
rhythmic character was present as a fluctuation in the rate of firing as illu- 
strated in Fig. 2. There was no linear relation between the rate of discharge of 
impulses and either intragastric volume or pressure. 


50 


impulses/sec 


400 800 1200 1600 
inflation (ml.) 


Fig. 1. The rate of discharge of impulses in two slowly adapting gastric afferent fibres at different 
volumes of sustained gastric distension. The lower curve shows the non-linearity of the 
response at high volumes, Goat. 


On one occasion an unsuccessful attempt was made, by palpating the 
stomach, to detect localized rhythmic contractions in phase with the bursts 
of impulses. 


Discharge of impulses during gastric contractions 

Gastric contractions were produced (a) reflexly and (b) directly by stimu- 
lating gastric efferent fibres in the cervical vagus. These methods are discussed 
in greater detail elsewhere (Iggo, in preparation). | 

During reflex isometric contractions, elicited by a 1200 ml. inflation of the 
_ stomach of a lightly anaesthetized goat, the intragastric pressure rose in the 
experiment illustrated from 25 to 40 mm Hg (Fig. 3). The rate of firing in the 
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Fig. 2. Impulses in a gastric afferent fibre, in which the discharge was intermittent, during 
sustained gastric distension. The gastric balloon was empty in A and contained 200 ml. in 
B and 400 ml. in C. The intermittent character of the discharge seen in A and B is present 
in C as a variation in the frequency of discharge. In these and subsequent records the upper 
tracing shows the intragastric pressure, a rise upwards, and the lower tracing shows impulses 
in the afferent fibre. Goat. Time 1 sec. 
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Fig. 3. The discharge of impulses in a slowly adapting fibre during sustained gastric distension of 
| 1200 ml. and a reflex contraction elicited by the distension. Above: intragastric pressure; 
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single fibre increased from 15/sec before the contraction to 30/sec, reaching 
a peak value before the contraction was maximal. This type of response was 
found in the three slowly adapting fibres examined, during each of many 
reflex gastric contractions. 

Gastric contractions produced by electrical stimulation of gastric motor 
fibres in the cervical vagus initiated or increased the discharge of impulses in 
six single gastric afferent units. When the stomach was empty a contraction 
caused the discharge of impulses in some of the fibres. The rate of firing was 
greater when the stomach was inflated (Fig. 4). In the results illustrated in 
Fig. 5 there was no discharge at an inflation of 100 ml. There was a brief 
discharge at 200 ml. inflation. The discharge had a shorter latency, a higher 
frequency, and a longer duration when the volume was 300 or 400 ml. The 
peak pressure during the contractions was greater at the higher volumes. 
During the contractions at the higher volumes of inflation a second fibre 
became active. The threshold for excitation of this receptor was presumably 
reached only by a summation of tension due to the contraction and that due 
to the inflation at volumes of 300 and 400 ml: 

The recording system used was inadequate to measure the tension in 
localized parts of the gastric wall. The experimental results are, therefore, not 
sufficiently precise to justify an analysis such as that made by Matthews (1933) . 
for the effect of tension on the type B receptors of skeletal muscle in the cat. 
The gastric receptors, however, did behave in the manner expected of ‘in 
series’ tension recorders. Tension arising from passive distension, active con- 
traction or active contractions superimposed on passive distension was an 
adequate stimulus to the a The rate of _ was greater when the 
total tension was increased. 


Localization of gastric receptors 

The location of five gastric receptors was established directly by exploring 
the serosal surface of the stomach with a probe, by digital compression of the 
stomach wall, or by pulling on strips of the wall. The abdominal origin of one 
receptor was confirmed by cutting the right dorsal abdominal vagus at the 
diaphragm, after which the vagal afferent fibre was silent. The five fibres 
innervated receptors located in the region of the oesophageal groove, and all — 
the fibres had an intermittent discharge during distension, e.g. Figs. 2 and 4. 
A fibre with a sustained discharge during distension, was lost before the 
location of the receptor was definitely established, but the receptor appeared 
to be situated in the anterior wall of the reticulum. In no instance was the 
precise situation of a receptor in a particular layer of the wall established. 

The response of all these receptors to sustained tension, such as pulling on 
a strip of the stomach, or sustained digital compression, was a steady dis- 
charge of impulses as shown in Fig. 6. This response is in striking contrast to 
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4. The effect of gastric contractions produced by stimulating vagal gastric motor fibres. In 
A the gastric balloon was empty and the contraction occurred in isotonic conditions. In 
B and C the balloon was inflated with 100 and 300 ml. respectively and the contraction was 


recorded by an isometric system. The records have been broken at arrow for 3 sec, during 
which the cervical vagus was stimulated. Goat. Time 1 sec. 


mm Hg 


5. The effect of gastric distension and of contractions, produced by stimulating gastric motor 


_ fibres in the cervical vagus, on the discharge of impulses in gastric afferent fibres. The volume 


Fig. 6. Impulses in a single gastric afferent fibre when a small region of the stomach near the 
oesophageal groove was squeezed between finger and thumb. The conduction rate of this 


of inflation was 100 ml. in A, 200 ml. in B, 300 ml. in C and 400 ml. in D. The stimulus 
artifacts can be seen alone in A, in which no impulses were recorded. At the higher volumes 
of inflation a second fibre was active during the contractions. Goat. Time 1 sec. 


fibre, which is also illustrated in Fig. 2, was 6 m/sec. Goat. Time 1 sec. 


th 


f 
I 


4 
lo 
4 t. 
+49 ~ 
3 
om 
40 A 
0 
ra 
40 
20 
a 
2 
| if 
TH 


GASTRIC AND VESICAL TENSION RECEPTORS 599 


the intermittent discharge in the afferent fibre when the whole stomach was 
distended (Fig. 2). 

The receptors of the three slowly adapting fibres examined during reflex 
contractions were not found by these direct means but, from the responses of 
the fibres during distension and contraction, I consider that they too were 
Jocated in the gastric wall. 


Conduction velocity in gastric afferent nerves 

The technique described by Paintal (1953) was used, and the conduction 
interval (stimulus artifact to action potential) was measured on the screen of 
the cathode-ray tube. The conduction velocities of the four fibres measured 
were 12, 6, 5 and 2 m/sec. 

Since small fibres are the most difficult to dissect, the range of conduction 
_ velocities obtained suggests that the majority of the gastric afferent fibres 
conduct impulses at very low velocities. This confirms the results obtained by 
a different method of assessing the conduction velocities of the gastric afferent 
fibres in the ruminant (Iggo, in preparation). This range of conduction 
velocities is at the lower limit for the conduction of impulses in mammalian 
myelinated fibres. 

. Gastric receptors in the cat 

While this paper was in preparation, I received a copy of Dr A. 8. Paintal’s 
paper ‘A study of gastric stretch receptors’, now published. Dr Paintal found 
that gastric receptors in the cat, in many respects similar to those described 
in the goat, were unaffected by gastric contractions. This difference was so 
striking that I have examined the behaviour of gastric receptors during passive 
distension and active contraction of the stomach in two decerebrated cats 
under light, 3 mg/kg, pentobarbital anaesthesia and in three cats under 
chloralose anaesthesia (80 mg/kg). 

Fibres were found which behaved in response to distension and compression 
of the stomach in a manner similar to that reported by Paintal. The stomach 
did not contract on electrical stimulation of the cervical vagus, and in this 
respect the cat was in marked contrast to the sheep and the goat. An attempt 
was made to cause gastric contraction by stimulating the serosal surface of the 
stomach with square pulses 3-6 c/s for 1-15 sec. In the fundus this stimulation 
produced at most only small localized contractions, but in the pyloric region 
it caused a strong contraction which, if the stimulation was continued for 
15 sec, spread over the whole pyloric region. This contraction persisted for 
10-20 see after stimulation. 

The first two slowly adapting receptors, found by recording from strands of 
the cervical vagus, were at the cardiac end of the stomach. Under the experi- 
mental conditions, I was unable to cause a contraction of this part of the 
stomach and so the effect of contraction on these fibres was not tested. In 
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subsequent experiments I located six slowly adapting receptors in the pyloric 
region of the stomach. The rate of firing of each fibre was greater during 
pyloric antral contractions than when the stomach was inflated with 50-200 ml. 
as illustrated in Fig. 7. In two preparations the areas in which receptors had 
been localized were stimulated for intervals of approx. 2 sec. The contractions 


A B 


Fig. 7. Impulses in a vagal gastric afferent fibre. The stomach was empty in A and inflated with 
_ 100 ml. in B. Direct stimulation of the serosal surface of the pyloric region caused a powerful 
contraction of the pyloric antrum. Record C was taken after the stimulation was stopped 

but while the contraction remained. Decerebrated cat. Time 1 sec. 


Fig. 8. Impulses in a vagal gastric afferent fibre. The upper record shows the effect of pinching 
a small region of the pyloric antral wall. The lower record shows the effect of eight electrical 
stimuli (dotted) applied to the same region. Stimulation caused a localized contraction, 
observed visually, which persisted for several sec and ‘was associated with a discharge of 
impulses. Chloralosed cat. Time | sec. 


produced were small, involving not more than 4 mm? of the gastric wall, and | 


were associated with bursts of impulses in the afferent fibres which persisted 
for as long as the contractions could be seen (Fig. 8). No detectable changes in 
intragastric pressure were observed. Rhythmic contractions were present in 
the pyloric antrum of one preparation and a discharge of impulses was 


ob 


re 
ga 


4 
a 
= * = 
4 
4 
q 
C 
& 
y 
v 
i 
4 
ay 


GASTRIC AND VESICAL TENSION RECEPTORS 601 


observed during contractions of a small region of the wall containing the 
receptor, ie. an intermittent discharge was caused by localized rhythmic 
gastric contractions. 

The gastric receptors of the goat and cat described in this paper behaved in 
a similar manner when tested under the same conditions. The simplest 
assumption to make is that they were the same type, i.e. tension receptors 
‘in series’ with the muscle fibres. 


Receptors in the bladder of the cat 


ain in twelve single afferent fibres in the pelvic plexus of cats were 
recorded during passive distension and active contraction of the bladder. 


Afferent discharge during passive distension 


When the bladder was empty there was no discharge of senile As fluid 
from the reservoir entered the bladder the intravesical pressure rose and 
impulses were recorded (Fig. 9). The rate of firing increased until, 5-15 sec 
after inflow began, ' a peak frequency not greater than 20-30/sec was reached, 


Fig. 9. The discharge of impulses during the inflow of 50 ml. saline into the bladder of a cat in 
which both pelvic nerves were cut. The onset of inflow is marked by the arrow. Time 1 sec on 
the intravesical pressure tracing. 


which after 1-2 sec fell abruptly to as low as 1/sec; the intravesical pressure _ 
meantime continued to rise. After the reservoir was turned off the discharge 


persisted rhythmically until the bladder was drained. In one experiment the 
peak discharge in two fibres in the same strand sometimes coincided and at 
other times did not. 

When the intravesical pressure was made to rise more slowly the most con- 


sistent change in the firing of impulses was an increased interval from the 


beginning of distension before the peak frequency of discharge was reached. 
The reservoir height never exceeded 60 cm which, according to Mukherjee 
(personal communication), is insufficient to cause a consistent rise in blood 


_ pressure of the chloralosed cat. 


The other method used for distending the bladder was more drastic. Fluid 
was rapidly injected from a hypodermic syringe into the closed bladder. In 
one experiment the injection of 7-5 ml. into a bladder containing 30 ml. pro- 
duced an immediate discharge of impulses, as illustrated in Fig. 10, and the 
abrupt withdrawal of the same volume abolished the activity. 
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Afferent discharge during bladder contractions 

Isometric recording conditions. Rhythmic contractions of the innervated 

bladder containing 30-60 ml. had a frequency of 4-6/min and the rise in 

pressure was 5-30 mm Hg. During contractions the discharge of impulses in 
A 


Fig. 10. Impulses in pelvic afferent fibres. A: an isometric contraction of the bladder; B: the 


effect of suddenly raising the intravesical pressure (at arrow) by the injection of 7-5 ml. saline. 
In each record the upper tracing shows the afferent impulses and the lower tracing shows the 
intravesical pressure. Cat. Time 1 sec. , 


Intravesical pressure (mm 
wn 
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Fig. 11. The discharge of impulses in two pelvic afferent fibres during three successive bladder 
contractions recorded under isometric conditions. Upper curve: intravesical pressure; lower 
curves: frequency of discharge in the two fibres graphed separately. Cat. 


0 | 


single afferent fibres reached rates as high as 10/sec as the intravesical pressure 
was rising, and in some preparations continued after the pressure had begun 


to fall. There was no discharge between contractions at small volumes of the 
bladder (Figs. 10, 11). 
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Isotonie recording conditions. The bladder of the chloralosed cat contracts 
thythmically when it is distended by a 5-15 cm head of fluid (Mellanby & 
Pratt, 1939). Impulses were recorded in single afferent fibres as or just before 
the bladder volume began to decrease. No further activity was seen until after 
the bladder had relaxed and the next contraction began. The bladder volume, 
- intravesical pressure and activity in single afferent fibres was recorded simul- 
taneously in the later experiments as illustrated in Fig. 12. At the end of a 
contraction when fluid was re-entering the bladder a few impulses at low 
- frequency appeared. Next the intravesical pressure, which had been rising 
very slowly, rose sharply, and simultaneously the impulse frequency rose to 
5/sec. The bladder volume and intravesical pressure then began to fall and the 
discharge of impulses ceased. This behaviour was recorded in five fibres 


Fig. 12. Impulses in a pelvic afferent fibre during one contraction of an innervated bladder 
recorded under isotonic. condition. The reservoir was 10cm above the urethra. Upper: 


bladder volume, a decrease downwards; middle: intravesical pressure, an increase upwards; 
and lower: impulses in the afferent fibre, retouched for the sake of clarity. Cat. Time 1 sec. 


Thus the so-called ‘isotonic’ recording conditions, while permitting changes 
in bladder volume, were associated with changes in the intravesical pressure, 
and the discharge of impulses during the contraction was related to the 
rise in pressure. Mellanby & Pratt (1939) recorded the pressure changes 
in a sidearm of the bladder cannula and observed no appreciable change 
in pressure during contractions recorded under conditions of constant 
pressure. 

Sustained isometric contractions. Mellanby & Pratt (1940) report that when 
the recording conditions were switched rapidly from isotonic to isometric 
during the rising phase of an isotonic contraction of the innervated bladder 
@ powerful isometric contraction supervened. This phenomenon was used to 
test the rate of adaptation of bladder tension receptors. In one experiment 
such a change in the recording conditions evoked a persistent powerful con- 
traction during which the intravesical pressure exceeded 50 mm Hg. The rate 
of firing in two fibres, recorded in the same nerve filament, increased from 
5/sec before the contraction to a peak of 30-40/sec during the contraction. The 
rate of firing fell gradually after 2 sec to 20/sec and persisted at this rate for as 
long as 30 sec yntil the pressure was released. 
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The receptors when tested under suitable conditions gave a sustained dis- 
charge of impulses, although in other circumstances, e.g. isotonic recording 
conditions, they gave a brief discharge of impulses. 


Localization of bladder receptors 


This was a hazardous procedure since the afferent fibres were dissected from 
the pelvic plexus and manipulation of the bladder frequently dislodged the 
nerve from the recording electrodes. Two receptors were found near the neck 
of the bladder. Sustained pull on strips of the bladder wall caused a steady 
_ discharge of impulses from the receptors. 


DISCUSSION 


The results obtained with single unit preparations establish sonvinneae that 
the same receptor units, in stomach and bladder, are excited by both passive 
distension and active contraction of the viscera. The view that the receptors 
are tension receptors ‘in series’ with the muscle fibres is based on the following 
evidence: (1) All the gastric receptors, found by distension of the stomach were, 
when tested, excited by gastric contractions. The rate of discharge was often 
greater during isometric contractions than the maximal rate during gastric 
distension. (2) Bladder receptors, found by using isometric contractions as 
a stimulus, were excited by passive distension. (3) Passive distension and 
active contraction when present together were effective in exciting receptors 
which were not excited by either alone. (4) Contractions of the empty 
stomach caused a discharge of impulses; in these circumstances the gastric 
wall shortens. No evidence has been found to support the views either that 
the receptors are “in parallel’ with the muscle or that they are unaffected by 
activity of the muscle. 

_ Another feature was that meses the discharge from which appeared to 
have different rates of adaptation, all adapted slowly when excited by direct 
mechanical means, e.g. digital compression or sustained pull of a small strip 
of wall. The intermittent discharge of some gastric receptors, which on direct 
stimulation gave a steady discharge of impulses, was probably due to 
rhythmic motor activity in restricted parts of the gastric wall. Such a relation 
was observed in one experiment on a cat. This may be a general experimental 
limitation to the study of the behaviour of visceral receptors, namely, the 
discharge of receptors ‘in series’ with smooth muscle can be influenced by 


localized changes in motility, which are not revealed when recording total | 


intraluminal pressure. 

Talaat (1937) distinguished several types of afferent discharge balaied to 
the bladder in the pelvic afferent fibres of the dog. The present results extend 
his observations to the cat and confirm his findings that passive distension 
arouses a brief discharge of impulses. The distinction which Talaat based on 
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a difference in the rate of adaptation between these fibres and those excited 


_ by isometric contraction of a strip of the wall is open to doubt. Single fibres 


were found which responded to passive distension and active contraction, of 
varying intensities, with discharges of impulses of widely varying durations. 
Gernandt & Zotterman (1946) found in the cat that small spikes and slow 
waves were produced in the splanchnic nerve on manipulation of the small 
intestine. Because they used multifibre preparations, it is uncertain whether 
the same receptors were excited by all the stimuli. The results are in accord 
with the conclusion reached by the single fibre investigation now reported. 
One striking discrepancy is the maximal rate of discharge from the small fibres 
which Gernandt & Zotterman (1946) stated was 600/sec, a value 10 times that 


found in my single fibre studies. I attribute this discrepancy to their use of 


multifibre preparations in which it is usually impracticable to count impulses 
in individual nerve fibres. 

Paintal (1954), as already mentioned, considers it ‘likely that a rise in 
intragastric pressure unaccompanied by stretching of the stomach wall does 


- not stimulate the receptors’. The above statement certainly did not apply to 


gastric tension receptors in the cat if the stomach in the region of the receptors 
was caused to contract. In these circumstances a discharge of impulses resulted 
during a contraction in which a considerable shortening of the wall occurred, 


and this in slowly adapting fibres which were excited by inflation of the - 


stomach. An inflow of impulses along the same afferent fibres would therefore 


be anticipated during both hunger contractions and distension of the stomach 
by a large meal. On this view Paintal’s conclusions about the role of these 


gastric afferent fibres in the satiation of hunger and thirst are open to doubt. 
The tension receptors in the stomach of the goat and the so-called stretch 


receptors in the stomach of the cat are innervated by fibres with conduction 


velocities of 2-14 m/sec, that is, by myelinated fibres less than 5 in diameter. 
There are several thousand such fibres in the abdominal vagi of sheep and 
goats (Iggo, in preparation). Gernandt & Zotterman (1946) find large numbers 
of such fibres in the splanchnic nerves of the cat, and Langley & Anderson 
(1896) found several thousand in the pelvic nerves of the cat. The widespread 
distribution of these small myelinated fibres in visceral nerves, and of tension 
receptors in the viscera, in some cases known to be innervated by fibres of this 
size, invites the generalization that there are tension receptors innervated by 
small myelinated fibres at all levels of the alimentary canal. 

The functional significance of the visceral tension receptors is a field for 
future investigation. There is strong evidence that some of the gastric 
receptors in the sheep and the goat are concerned in regulating gastric motility 
in these animals (Iggo, in preparation). Hurst (1911), on the basis of a wealth 


_of clinical observation, in which he found, for example, that patients were 


- unable to discriminate between an atonic dilatation of the stomach and a small 
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hypertonic stomach, concluded ‘that ill-defined sensations, which occur in all 
parts of the alimentary canal and which may be grouped together as “the 
sensation of fullness” are due to stretching of its muscle coat and constitute 
a form of muscle sense’. His deductions and the experimental findings now _ 
reported are complementary. 

Denny-Brown & Robertson (1933) have made an interesting study of the 
sensations aroused by distension of the urinary bladder in conscious human 
subjects and reported that several qualities of sensation culminating in an 
irrepressible desire to micturate ensued before a sensation of pain was 
_ experienced. The results can be interpreted to indicate that the afferent dis- 
charge recorded in pelvic afferent fibres is concerned with functions in addition 
to pain, e.g. reflex micturition. The observation made by Hurst that distension 
of the alimentary canal gave rise to a sensation of fullness which graded 
imperceptibly into pain can also be quoted to support the conclusion that not 
all afferent inflow from the gut is necessarily painful. 


SUMMARY 
1. Methods are described for isolating and recording from single fibres from 
receptors in the stomach of the goat and cat and from urinary vesical receptors 
in the cat. | 

2. The gastric receptors were excited by passive distension and active con- 
traction of the stomach and adapted slowly to sustained digital compression. 

3. Gastric receptors were found in the oesophageal groove region in the 
goat and in the cardiac and pyloric regions of the stomach in the cat. 

4. The conduction velocities in some of the gastric afferent fibres in the 
goat were 2-12 m/sec. 

5. Impulses were recorded in single afferent fibres in the pelvic plexus 
during passive distension and active contraction of the urinary bladder. 

6. The discharge under isotonic and isometric recording conditions was 
related to the intravesical pressure. 

7. The receptors in the bladder were slowly adapting. 

8. It was concluded that the gastric and bladder receptors were tension- 
recorders ‘in series’ with the muscle fibres. 


I wish to express my gratitude to Prof. D. Whitteridge, F.R.S., for his stimulating interest in 
this problem. I am indebted to W. T. 8. Austin, Esq., for valuable advice on electronic problems. 
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VASCULAR RESPONSES TO TEMPERATURE IN THE 
PERFUSED ISOLATED EAR OF THE RABBIT 


By I. D. FERGUSON anp N. LEVINSON 
From the Institute of Physiology, University of Glasgow 


(Received 22 June 1954) 


The present work was planned to study the effect of temperature on the vas- 
cular responses in the isolated perfused ear of the rabbit. To this end the rate 
of inflow was recorded and the net outward filtration of fluid into the intersti- 
tial spaces of the ear was measured, The work was partly prompted by the 
observation that, although this preparation has been used for over forty years 
as a pharmacological test object, there is still no unanimity on the physical 
conditions under which perfusion experiments should be carried out (Page 
1942; West, 1950; Burn & Robinson, 1951). As indicated in previous notes 
(Ferguson & Levinson, 1952a, b) the blood vessels in the perfused isolated 
rabbit’s ear are very sensitive to alterations in the temperature of the perfusion 
solution. Preliminary observations also suggested that denervation reduced 
the reactivity of the larger vessels to changes in temperature and increased the 
permeability of the capillaries (Ferguson & Levinson, 1953). 


METHODS 
_ Perfusion 
Adult rabbits of either sex were used. To avoid clotting in the small vessels of the ear, heparin 
(1000 units/kg body wt.) was injected intramuscularly about 1 hr before the rabbit was killed by 
a blow on the neck. The majority of the experiments lasted for 5 hr. 

Perfusion solution, Ringer’s solution of the following percentage composition was used: 
NaCl, 0-9; KCl, 0-04; CaCl,, 0-025; MgCl,, 00005; NaHCO,, 0-05 and NaH,PO,, 0-005. The pH was 
adjusted to between 7-3 and 7-4. The solution was constantly in equilibrium with a gas mixture 
of 95% oxygen and 5% carbon dioxide at a pressure considerably in excess of one atmosphere. 
The oxygen content of the Ringer’s fluid was 1-3 ml./100 ml. at 16° C and 1-1 ml./100 ml, at 38° C. 

Rate of inflow and perfusion pressure. The solution was delivered to a glass cannula at constant 
pressure by using a Mariotte constant pressure device (Ferguson & Garry, 1952). The rate of inflow 
was read directly on the burettes. Details of the arrangement are shown in Fig. 1. The pressure 
of the perfusion solution immediately proximal to the cannula was maintained constant at 
100 mm Hg by adjusting the pressure in a gas reservoir. The same cannula was used throughout 


the whole series of experiments, The pressure in the the 
tip of the cannula was estimated to be between 60-75 mm Hg. 
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Temperature of the perfusion solution. The temperature of the perfusion fluid was recorded by 
a thermocouple in the stream of the perfusion fluid just proximal to the cannula. Heat was sup- 
plied to the fluid by an electrothermal tape wrapped round the glass tubing leading to the 
cannula. 

Temperature of the air surrounding the ear. A polished metal tin, with cellophane windows in 
the front and back and with a small aperture 
maintain a constant local environment. 


ih 


NSSSSSSSSY} 

Fig. 1. Perfusion apparatus for the isolated ear. A, B, constant pressure burettes; C, D, LH, 
3-way oblique bore stopcocks; F, ammeter; G, variable resistor; H, heating tape coiled round 
tube; J, thermocouple wires; K, bicycle valve tubing terminating in arterial cannula; 
L, attachment to pan of balance for suspending ear; M, mercury manometer immediately 
proximal to the cannula; N, thermometer recording environmental temperature inside metal 
tin; Q, filter funnel to trap fluid dripping from ear; R, balance; S, air trap to collect any gas 
coming out of solution; U, reservoir for 95% oxygen, 5% carbon dioxide mixture; V, escape 
valve for adjustment of pressure in U; W, reservoir of perfusion solution. 


The temperature of the air surrounding the ear was raised by heating the tin from without by 
means of 100 W black electric bulbs, or lowered by keeping ice on the top of the tin and on a ledge 
inside. The relative humidity of the air inside the tin was high due to the presence of fluid dripping 
from the perfused ear. 

Expression of results 


Inflow. This was recorded as ml. perfusion fluid leaving the cannula during the preceding 15 min 
and is graphed against time in the figures. Owing to the use of ears of almost the same initial size, 
there was no advantage in converting inflow into ml./unit of ear vol./min. Under any one set of 
standard conditions the results, from experiment to experiment, varied only slightly. 

Net and gross outward filtration. The formation of oedema fluid, which was recorded by weighing 
the ear at intervals of 15 min, gave the net outward filtration as a cumulative value. This is graphed 
against time in the figures. | 
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‘During the course of the perfusion, fluid let the capillaries and entered the tissue spaces of the 
ear. This gross outward filtration across the capillary membrane could not be measured experi- 
mentally. Much of this fluid returned to the vessels, assisted in part by the rising interstitial 
pressure, and a certain amount leaked from the cut surfaces at the base of the ear. A mathematical 
equation was evolved to represent the gross outward filtration (Donaldson, Ferguson, Levinson & 
Silvey, 1953). However, this equation was found to be too limited in its practical application to 
be of immediate value. 
Denervation of the ear of the rabbit 

General anaesthesia was induced by intravenous injection of pentobarbitone sodium (25-30 
mg/kg body wt.) and maintained when necessary by intraperitoneal injection of pentobarbitone 
sodium (15-30 mg/kg body wt.). Denervation of one ear in each rabbit was carried out under 
aseptic conditions. The superior cervical ganglion was excised and lengths of 1’em were resected 
from the great and posterior auricular nerves (Armin, Grant, Thompson & Tickner, 1953). This 
method of denervation does not exclude the possibility that vasomotor fibres from the stellate 
ganglion may reach the vessels by running in the adventitial coat of the main arteries. The motor 
innervation of the external auricular muscles is unaffected. Vital staining of the ears with methy- 
lene blue showed that the denervation was successful. The ears were perfused 21-24 days after 
denervation. 


RESULTS 
Effect of temperature on rate of inflow and on rate of oedema formation 
Ninety perfusion experiments were carried out, twenty on denervated ears. 
Eight failed for technical reasons. | | 

Rate of inflow at 16°, 38° and 45° C. Mean values from such experiments are 
illustrated in Fig. 2. An initial spasm of the cannulated artery occurred in all 
experiments: the spasm was less marked at 38° than at 16°C. | 

During perfusion with Ringer at a temperature of 16° C the rate of inflow 
rose to a maximum after 30 min or so and then remained practically constant 
for about 3% hr. Thereafter the flow decreased very slightly. During 5 hr 
approximately 4200 ml. of solution at 16° C passed through the vessels of the 
ear. At 38°C the rate of inflow rose to a maximum by the end of the first 
30 min and then decreased markedly. About 2 hr after the start the flow began 
to increase gradually and continued to do so until the end of the perfusion. 
Throughout the whole period the rate of inflow at 38° C was considerably less 
than the rate of inflow at 16°C. During 5 hr approximately 3200 ml. of solu- 
tion at 38° C passed through the vessels of the ear. At the unphysiological 
temperature of 45° C the rate of inflow was higher than the rate at 38° C but 
less than at 16° C. : 

When perfusing at 38°C the galvanometer spot, which recorded the 
temperature of the solution just before it entered the cannula, showed 
oscillations, each cycle taking about 40 sec. The range of oscillation was roughly 
0-75° C. These oscillations must have been produced by variations in the 


resistance and therefore in the calibre of the arterial tree. No oscillation was 
noted during perfusions at 16° C. 
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Ocedema formation at 16°, 38° and 45° C. These results are also illustrated in 
Fig. 2. At 16°C oedema developed slowly: at 38°C, the oedema developed 
rapidly for roughly 2 hr; thereafter the rate fell off. The amount of oedema 
fluid formed after perfusion for 5 hr at 38° C was about 4 times that formed 


240 + 35 
mL. Inflow 16°C 30 
200 3 
180 20 
160 + 4 15 
Inflow 38°C 
140 10 
> 120 | Oedema 16°C 1°3 
é 0 1 2 3 4 45 
240 ~ 35 
200 | Inflow 45°C 25 
180 20 
160 4 15 
140 Inflow 38°C 10 
0 1 2 3 4 5 


Time (hr) 

Fig. 2. Mean rate of inflow and mean rate of oedema formation in isolated ears perfused with 
fluid at different temperatures. Inflow is given as ml. perfusion fluid leaving the cannula 
during the preceding 15 min. Oedema formation is the cumulative reading obtained by 
weighing the ear at 15 min intervals throughout the perfusion. Temperature 16° C: inflow, 
O——O; oedema, ©——-@. Temperature 38°C: inflow, @——@; oedema, 
Temperature 45° C: inflow, (——(); oedema, A——A. 


at 16°C. At 45° C oedema was somewhat greater than at 38° C: at 45° C one 
or more large blebs developed in the subcutaneous tissues of the ventral 
surface of the ear; several smaller vesicles appeared on the dorsal aspect. 
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When the temperature of the fluid was rapidly changed during the course 
of perfusion then the rate of inflow and the rate of formation of oedema 
changed as one would expect from the results given above: moreover, these 
changes could be themselves reversed in the course of one experiment (Fig. 3). 


260 -- 40 

240 35 

20 + ee 30 
20+ LEC) 
4160 16°C 16°C 15 | 

140 10 

120 Inflow a3 

0 1 2 3 4 5 


Time (hr) 


Fig. 3. Rate of inflow and rate of oedema formation when the temperature of the perfusion 
solution was suddenly changed from 38 to 16°C and vice versa during the course of the 
experiment. Temperature 16° C:-inflow, O——-O; oedema, ©-———@. Temperature 38° C: 
inflow, @——®@; oedema, @ 


The influence of the temperature of the environment 

When the temperature of the perfusion solution was at 16° C the tempera- 
ture of the air within the metal shield surrounding the ear tended to become 
stabilized at 16° C also. When the perfusion solution was at 38° C the tempera- 
ture of the surrounding air was in the neighbourhood of 21° C. In the experi- 
ments so far described any deviation from 16° or from 21° C was corrected. 

In the present series, during perfusion with solution at 16° C, the tempera- 
ture of the environment was raised to 32° C, and, when the temperature of the 
perfusion solution was 38°C, the environmental temperature was lowered 
from 21 to 16° C. Fig. 4 shows that raising the temperature of the environment 
to 32° C during perfusion with solution at 16° C decreased slightly the rate of 
inflow and increased slightly the rate of formation of oedema; depression of 
the temperature of the environment to 16° C during perfusion at 38° C caused 
little change in the rate of inflow but retarded somewhat the rate of develop- 
ment of oedema. 
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Denervation of one ear was carried out successfully in twetiby-twe rabbits. 
The temperature of the skin of the ear on the denervated side rose almost 


immediately. 


B 


Mean inflow (ml.) 


Fig. 4. The influence of the environmental temperature. Mean rate of inflow and mean rate of 
oedema formation with perfusion solutions at 16° and at 38° C. Temperature of perfusion 
fluid 16°C, temperature of environment 16°C: inflow, O——O; oedema, ©——®@. 
Temperature of perfusion fluid 16° C, temperature of environment 32° C: inflow, -——(); 
oedema, A———_/\. Temperature of perfusion fluid 38° C, temperature of environment 21° C: 
inflow, @——@,; oedema, @——@. Temperature of perfusion fluid 38° C, temperature of 


The effect of denervation of the ear 
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The influence of the temperature of the perfusion fluid 


_ The mean results are shown in Fig. 5, as are results from experiments with — 


innervated ears. During perfusion at 16°C, an initial spasm of the artery 
occurred which was more marked and took a longer time to pass off in the 
denervated preparations than in the innervated preparations. The initial 
spasm was of shorter duration at 38° than at 16°C. In denervated ears the 
rate of inflow was little affected by the temperature of the perfusion fluid, the 
curve at 16° C résembling closely that at 38° C (Fig. 5). 

At 16° C the rate of formation of oedema was similar in innervated and in 
denervated ears: at 38°C oedema developed initially more rapidly in the 


denervated ears. The temperature of the fluid entering the vessels never 


showed oscillations in denervated ears. 7 


When the temperature of the fluid was rapidly changed during the course | 


of a single experiment on a denervated ear there was still some change in the 
rate of inflow: the magnitude of the change and the speed of the change, 
however, were both less than with ears with intact innervation. Rapid 


change in the temperature of the perfusion fluid did affect the rate of formation — 


of oedema, but the results were very similar in innervated and in denervated 
ears alike (Fig. 6). 
DISCUSSION 

At first sight the association of oedema developing rapidly with a slow rate of 
inflow through the vascular bed suggests cause and effect. However, Fig. 3 
clearly shows that lowering of the temperature of the perfusion solution, when 
oedema has already reached almost its maximum, still causes a rapid and very 
considerable increase in the rate of inflow. We suggest therefore that, when 


the temperature of the perfusion solution is lowered from 38 to 16° C, the 


arteriovenous anastomoses dilate causing an increase in the rate of inflow; at 
the same time the capillary bed is reduced in size thus diminishing the rate of 
formation of oedema. Pappenheimer, Eversole & Soto-Rivera (1948) made 
experiments on the isolated hind limb of the cat which can be interpreted in 
similar fashion. 

The slightly more rapid rate of inflow at 45° C than at 38° C was possibly 
due to heat paralysis with dilatation of the vessels. The gross oedema and 
vesiculation at 45° C may have been due to severe heat trauma to the vessels. 

Grant (1930) and Grant, Bland & Camp (1932) found that, when the tempera- 
ture of the surrounding air was at 37° C, the arteriovenous anastomoses in the 
intact and in the intact denervated rabbit’s ear were closed; lowering the 
temperature to 15° C caused dilatation of these anastomoses. Our findings show 
that the vessels in the isolated ear of the rabbit still retain some of the powers 
of the vessels in the intact ear. Van Dobben-Broekema & Dirken (1950) 


Showed that the capillaries of the ear dilated when the body temperature of the 
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rabbit was increased by elevating the environmental temperature. Beakley 
& Findlay (personal communication) measured the surface temperature of the 
ears of Ayrshire bull calves. When the temperature of the environment was 
below 15° C the vessels of the ear were contracted and the ear was cold: when 


240 240 
innervated 16°C 38° 
| 70 | 3 Cc 38°C 
~ 200 F > 200} 16°C 16°C 
: 180 é 180 
innervated 
12 Denervated 16°C ad 3 
100 I 1 L i 100 j i 
1 2 3 4 0 1 2 3 
Denervated 
16°C 
38°C 38°C 
innervated 
1 2 3 
Time (hr) : Time (hr) 
Fig. 5 : Fig. 6 


Fig. 5. Mean rate of inflow (above) and mean rate of oedema formation (below) in denervated 
and in innervated ears with perfusion fluid at 16° and 38°C. Innervated ears at 16°C: 
@©——@; at 38° C: @——-@. Denervated ears at 16° C: O——O; at 38° C: @——-®@. 


Fig. 6. Mean rate of inflow (above) and mean rate of oedema formation (below) in denervated and 
in innervated ears when the temperature of the perfusion fluid was changed suddenly from 
38 to 16° C and vice versa. Innervated ears at 16° C: ©——@; at 38° C: @——-@.  _Dener- 
vated ears at 16° C: O——O; at 38° C: @——®. | 


the temperature of the environment was above 20° C the vessels of the ear 
dilated so that the skin temperature of the ear was 36° C, nearly that of the 
body. In the present experiments the temperature of the perfusion fluid was, 
Of necessity, dominant, but some evidence was obtained that the blood 
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vessels of the ear were still sensitive to the temperature of the surrounding 
air. 
The oscillation of the temperature of the solution entering the ear during 
perfusion at 38° C must. have been due to alteration in the rate of inflow: 
probably the blood vessels were contracting and dilating rhythmically just as 
gut in vitro shows rhythmical pendular movements. This interpretation is 
consistent with the findings of Clark & Clark (1934) and of Clark (1938). They 
observed rhythmical contraction and dilatation in the blood vessels of the intact 


rabbit’s ear when the ear was gently warmed: when the ear was chilled, or 


heated to above 38° C, this vasomotion ceased. It seems to depend, too, on 
the presence of nerves in the ear since we observed no sign of vasomotion after 
previous denervation. | 

Grant (1935) found that the vessels of the denervated ear of an otherwise 
intact rabbit did not respond to changes in body temperature, even after the 
vascular tone had returned. Armin et al. (1953) use this absence of response 
to changes in temperature as evidence of complete interruption of the sym- 
pathetic nerves to the ear. On the other hand, van Dobben-Broekema & 
Dirken (19506) found that the vessels of the denervated ear of the rabbit still 
responded to heating and to cooling of the body, although the reactions were 
sluggish compared with those of the intact ear. Our results in the isolated 
preparation support the latter workers. The vessels of the denervated ears still 
reacted to changes in the temperature of the perfusion solution although the 
responses, compared with those in innervated ears, were delayed and less 
‘marked. If, as we suggest, the arteriovenous anastomoses are chiefly re- 


sponsible for the marked influence of temperature on the flow of fluid through © 


the vascular bed, then denervation markedly impairs but does not completely 
destroy the responsiveness to temperature of the vessels in the isolated pre- 
paration. In the isolated ears, which had not been previously denervated, the 
surviving nerves probably played a large part in the magnitude and prompti- 
tude of the responses to change in temperature. 

The distinctive pattern of the development of oedema at 16° and at 38° C 


was little affected by denervation. In the innervated and denervated ears _ 


alike, raising the temperature from 16° to 38° C greatly increased the escape of 
fluid into the tissue spaces. If this be due to dilatation and opening up of 
capillary channels at the higher temperature then the nerve supply seems to 
have no marked effect on the responsiveness of capillaries to changes in 
temperature. 

The perfused isolated ear of the rabbit has long been used to study the 
actions of physiological factors and of pharmacological agents on peripheral 
vessels (von Anrep, 1912; Pissemski, 1914). However, there is no agreement 
on the physical conditions under which such experiments should be carried 
out. Page (1942) prescribed elaborate precautions to keep the perfusion 
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solution constantly at 37°C. He also regulated carefully the environmental 
temperature. Burn & Robinson (1951) used perfusion solutions at room 
temperature without mention of control of environmental conditions. West 
(1950), on the other hand, indicated that it was immaterial whether perfusion 
of the ear was carried out with solutions at room temperature or at 37° C. 
Although this preparation is far from physiological, and while the com- 


_ plexity of the vascular responses is not fully understood, it is nevertheless 


abundantly clear that the temperature of the fluid perfusing the vessels must 
be carefully regulated and chosen with reference to the problem to be investi- 
gated. Experiments designed to investigate vasomotor activity in the isolated 
rabbit’s ear are probably better carried out with a perfusion fluid at a tempera- 
ture in the neighbourhood of 16°C. Experiments designed to investigate 
permeability of capillaries should be perfused with fluid at a temperature of 
38° C. 
SUMMARY 

1. A simple technique is described for the controlled perfusion of the 
isolated ear of the rabbit. The state of the vascular bed is gauged by the rate 
of inflow. Changes in weight of the isolated ear give the net outward filtration 
(oedema formation). 

2. Lowering the temperature of the perfusion solution from 38 to 16° C 
increases the inflow and reduces the formation of oedema. 

3. It is suggested that, at 16°C, the bulk of the perfusion fluid passes 
directly from arterioles to venules through arteriovenous anastomoses while, 


_ at 38° C, the fluid passes through the capillary bed. 


4, After degeneration of the nerves to the ears the temperature of the per- 
fusion solution has no very marked effect on the rate of inflow but causes 
some increase in the rate of formation of oedema. Degeneration of the nerves 
also abolishes the spontaneous rhythmical activity of the blood vessels seen 
during perfusion at 38° C. 


We are grateful to Prof. R. C. Garry for his advice and criticism, and to Mr F. W. Gairns and 
Mr A. Pringle for assistance. The Rankin Medical Research Fund of the University of Glasgow 
was good enough to help us with a grant for equipment. 
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| The effect of adrenaline in augmenting the contractions of skeletal muscle is 
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well known (Goffart & Brown, 1947; Brown, Biilbring & Burns, 1948; Brown, 
Goffart & Vianna Dias, 1950; Goffart, 1950). The increased rhaximal twitch 
tension produced by adrenaline was recently attributed to a prolongation of 
the active state of the muscle (Goffart & Ritchie, 1952). The present work deals 
with the effects of adrenaline on the isotonic contractions of the isolated rat 
diaphragm preparation in various modifications of Krebs solution, and shows 
that under several conditions adrenaline definitely affects neuromuscular 
transmission. An action on the duration of the active state alone may there- 
fore be 
METHODS 


The modification of the method of Bilbring (1946) described by Hajdu, Knox & McDowall (1950) 
was used. A slip of the rat diaphragm with its phrenic nerve was suspended in a 50 ml. bath 
containing Krebs solution at 36-5-37-5° C, through which a mixture of 95% O, and 5% CO, was 
bubbled. The preparation was stimulated with single supramaximal impulses of rectangular 
wave-form at a frequency of 5-10/min. Those applied to the nerve were of 200 psec, those to the 
muscle of 1000 psec duration. 

When several experiments were done on the same preparation in modified Krebs solution with 
reduced calcium content, the preparation was washed between each experiment with a solution 
containing twice the usual Ca*+ concentration; after several experiments, washing the prepara- 
tion often produced severe contracture which was followed by a period in which the response to 
electrical stimulation was greatly reduced; recovery was slow. The contracture was minimized by 
using freshly prepared solutions saturated before use with the mixture of 95% O, and 5% CO,. 

Parke Davis’s ‘Adrenalin’ was used throughout; in some experiments tubocurarine chloride 
(Burroughs Wellcome and Co.), and in others prostigmine bromide (Roche) were used. 


RESULTS 
| Relation. of effect of adrenaline to calevum content of Krebs solution 


When a rat diaphragm preparation was suspended in normal Krebs solution 
(Ca?+ = 2-2 mm), a concentration of 2 ug adrenaline/50 ml. increased the twitch 
height elicited by direct or indirect stimulation by 3-6% for about 5 min. 

* Present address: Research Department, Runwell Hospital, near Wickford, Essex. 
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When the Ca?+ content was doubled, the same concentration of adrenaline 
produced a longer lasting augmentation of 10-20%. When the calcium con- 
centration was reduced to 0-44—0-55 mm, partial neuromuscular block oc- 
curred. As shown previously (Montagu, 1951), 2 wg adrenaline/50 ml. rapidly 
decreased the response to nerve stimulation (Fig. 1a), which often became 
abolished. This effect was maximal after 2-5-3-5 min and recovery occurred 
usually within 5-30 min. It has now been shown that the response to direct 


(a) ib) 
Fig. 1. The effects of (a) 5 pg adrenaline/50 ml., and (6) a subsequent 50 yg dose on indirectly (NV) 
and directly (J) stimulated contractions of a preparation suspended in modified Krebs 
solution containing 0-44 mm-Ca*+. Time in min. 


stimulation was reduced in some of the experiments although to a lesser extent 
than the response to nerve stimulation. The reduction was preceded by a 
slight augmentation. On repeated application of adrenaline, its depressant 
effect on direct and indirect stimulation became less pronounced, particularly 
if contracture had occurred as a result of the reduced Ca*+ solution. Sometimes 
adrenaline, instead of having a depressant effect, caused considerable aug- 
mentation even of the contractions evoked by indirect stimulation. 

At slightly higher Ca?+ concentrations, from 0-65 to 1-0 mm, neuromuscular 
block still occurred but was less than that at 0-55 mm-Ca*+ concentration 
(Fig. 2). Under these conditions the responses to indirect stimulation were 
potentiated by adrenaline, but the effect was of shorter duration than that in 
normal Krebs solution and was sometimes followed by a temporary block in 
transmission which was more pronounced the lower the Ca?+ concentration. 
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It thus appears that adrenaline is most active in blocking transmission in that 
range of Ca*+ concentrations in which a small change in this concentration has 
the greatest effect on neuromuscular transmission. 

The effects of different doses of adrenaline were investigated in solution 
containing 0:44-0:55 mm-Ca*+. After the effect of a first dose of 2-20 yg 
adrenaline/50 ml. had worn off, a dose of 20-50 yg facilitated transmission, 
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Ca*+ concentration (mm) 


Fig. 2. The relation between Ca*+ concentration of Krebs solution and contraction height on 
indirect ( x ) and on direct ({-)) stimulation. 


producing up to a 50% increase in the size of indirectly stimulated contrac- 
tions, while the response to direct stimulation was only slightly increased 
(Fig. 15). The improvement of transmission was often of long duration. With 
a large dose of adrenaline (50-100 ug), whether or not preceded by a small dose 
(0-5 ug), there was first improved transmission followed quickly by neuro- 
muscular block. 

In normal Krebs solution containing tubocurarine chloride (30 g/50 ml.), 
all doses of adrenaline had the same effects as in low Ca** solution (e.g. Fig. 3). 
This finding is different from that obtained by West & Zaimis (1949) in cats, 
with indirect stimulation of the tibialis anticus. 

In chronically denervated muscles suspended in a solution with a Ca?+ con- 
tent of 0-3-0-5 mm, 2 yg adrenaline/50 ml. produced contracture which was 
maximal after 1-5-2-5 min; the contractions returned to normal within about 
20 min (Fig. 4). 

It was previously shown that the addition of sufficient KCl (27-35 mg/50 ml.) 


to normal Krebs solution first augments the contractions which later become 
40 PHYSIO. OXXVIII 
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Fig. 3. The effects of 2 ug adrenaline and 0-2 ml. n-HC! on indirectly (4) and directly (M) stimu- 
lated contractions of a partially curarized preparation in normal Krebs solution. 50 ml. bath. 
Time in min. 


Fig. 4. Contracture produced by 2 yg adrenaline/50 ml. in a denervated rat diaphragm stimulated | 
directly in modified Krebs solution containing 0-33 mm-Ca*+. Time in 0-5 min. 
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depressed (Hajdu et al. 1950) and that adrenaline produces recovery from this 
depression (Hajdu & McDowall, 1949; Knox, McDowall & Montagu, 1951; 
Montagu, 1954). In the present experiments it was found that adrenaline also 
produced recovery in partially curarized preparations which were depressed 
by extra KCl; the KCl did not remove the neuromuscular block. In modified 


wy 


Fig. 5. Normal preparation stimulated indirectly and directly in modified Krebs solution con- 
taining 0-55 mm-Ca*+. (a) The blocking effect on neuromuscular transmission of 1 pug 
adrenaline/50 ml. (6) Augmentation followed by depression produced by 26 mg KCI. 
(c) Recovery from this depression produced by 1 ug adrenaline. Time in min. 


Krebs solution containing 0-55 mm-Ca*+, addition of 22-32 mg KCl/50 ml. 
produced augmentation followed by depression; the responses to indirect and 
direct stimulation often became equal; adrenaline caused recovery of the 
- contractions produced both by direct and indirect stimulation (Fig, 5c). 
In this low Ca?+ solution a smaller dose of KCl (4-12 mg) also produced 
_ potentiation followed by depression. This finding contrasts with the results 
obtained in normal Krebs solution in which small doses of KCl cause augmenta- 
tion without subsequent depression. When the contractions in the low Ca*+ 
solution were depressed by small doses of KCl, partial neuromuscular block 
still existed and 2 yg adrenaline had the depressant effect which is described 
above and which is predominantly on transmission, while further addition of 
KCl produced augmentation; i.e. in low Ca*+ solution adrenaline and KCl 
40-2 
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affected the contractions in opposite directions, suggesting that adrenaline 
might increase the ratio of the concentrations of intramuscular and extra- 
muscular potassium (K,/K,). The experiments also suggest that the effects of 
adrenaline on neuromuscular transmission might be mediated by calcium. To 
evaluate these possibilities, the effects of adrenaline, KCl, CaCl, and HCl were 
investigated in various other modified solutions; the results are summarized 
in Table 1. Although addition of HC] produced temporary depression in both 
normal and low Ca*+ solutions, in the former the responses to indirect and 


TaBie 1. (N =indirect response; M =direct response.) 


Effects of 
Adrenaline KCl CaCl, ¥-HCl 

Modification of Krebs solution 2 yg/50ml. 10 mg/50 ml. 12 mg/50 ml. 0-3 ml./50 ml. 
(1) Normal Krebs solution. Slight augmen- Augmentation Slight Depression — 

Ca*+ =2-2 mm; K+=6 mm tation N=M depression =M 
(2) Partial block produced by Neuromuscular Augmentation Augmentation Depression 

low Ca*+ (0-5 block N>M of indirect N>M 

curare (30 »g/50 ml response 


(3) Depression bdeoed * Recovery Inexcitability Recovery Recovery 
extra KCl (15 mm). 


Ca*+ =Q-2-2 mm with or 
without curare 

(4) Low-Nat (0-1 g% NaCl) Large Large Brief a ee entation 

augmentation depression tation fo *e owed by 
lowed depression 
depression 

(5) K+-free solution Soule Slight Slight Slight 

augmentation augmentation augmentation depression 
or depression . 

(6) Krebs + prostigmine Large Rapid Depression Slight depres 
20-500 ml.; fresh § augmentation followed 
preparation by augmenta- 

tion 

(7) Krebs+depressant dose Some Slight Slight Brief 
of prostigmine augmentation augmentation depression depression 


direct stimulation were equally affected, whereas the partial neuromuscular 
block which existed in the latter was increased by doses of n-HCl larger than 
0-2 ml./50 ml. Partially curarized preparations contracting in normal Krebs 
solution behaved in the same way towards HCl as preparations in low Ca*+ 
solution. Contracture, easily produced in low Ca*+ solution by doses of n-HC! 


larger than 0-2 ml., was avoided by adding the acid in 0-05 ml. amounts at 
5-10 sec intervals. 


K+-free solution. Goffart & jee (1947) determined the effects of adrena- 


line on the rat diaphragm preparation contracting in K+-free Tyrode solution 
(Ca?*=1-8 mm). The augmenting effect of adrenaline was at first increased: 
when the experiment was repeated, the preparation being washed between 
each dose of adrenaline, they found that the augmenting effect of adrenaline 
became reduced and was later replaced by depression. No such depression was 
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obtained in the present experiments; but it was found that 2 ng adrenaline/50 
m]. produced augmentation which varied in amount and which bore a direct 


relation to the effect—slight augmentation or depression—produced by sub- 
sequent addition of 12 mg CaCl,. : 


Fig. 6. The successive effects of 2 ug adrenaline, 12:2 mg CaCl, and 10 mg KCI on indirectly and 
directly stimulated contractions of a preparation in 50 ml. modified Krebs solution con- 
taining 0-1% NaCl and 6-5% sucrose. 50 ml. bath. Time in min. 


Low sodium solution. Preparations were washed with NaCl-free Krebs 
- solution containing 6-5 g°%, sucrose; this rapidly produced inexcitability. The 
a contractions were then partly restored by addition of 50-60 mg NaCl to the 
S } 50 ml. bath. The effects of adrenaline, KC] and CaCl, are shown in Fig. 6. The 
44 _ amount of augmentation produced by adrenaline was usually greater, the — 
A smaller the initial contractions. 
Prostigmine. Biilbring & Burn (1942) investigated the effects of intravenous 
injection of adrenaline following that of prostigmine on the contractions of the 
i cat gastrocnemius stimulated indirectly in situ. They found that adrenaline, 
given after 10-20 ug prostigmine, augmented the contractions at low stimula- 
tion rates (4-6/min) but depressed them at rates of 15-45/min; prostigmine 
sen itself produced depression at the higher stimulation rates in doses of 50-100 yg. 
In the present experiments it was found that in a fresh rat diaphragm prepara- 
as tion stimulated at a rate of 4-20/min, 20-500 yg prostigmine/50 ml. always 
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produced persistent augmentation of contractions which sometimes became 
irregular, and which were further and usually extensively increased by 2~20 ng 
adrenaline. Indirectly and directly stimulated contractions were equally 
affected. The effects of prostigmine were only partly removed by washing and 
the dose required to depress the contractions was very variable (up to 2 mg at 
a stimulation rate of 20/min), When depressed for the first time by prostigmine, 
although the depression was maintained, adrenaline produced a large augmen- 
tation; on repeated depressions the augmenting effect of adrenaline became 
reduced or abolished; slight depression was once obtained at a stimulation 
rate of 85/min. 

CaCl,, KCl and HCl were usually added to the bath in varying order after 
2 wg adrenaline. Their effects were as follows: 12 mg CaCl, produced depression, 
slight except when, in the first experiment each day, the contractions were 
extensively increased by prostigmine and adrenaline. The effect of 10 mg KCl 
varied from rapid depression to slight augmentation ; the former occurred after 
large augmentation had been produced by adrenaline, the latter when the 
adrenaline augmentation was small. 0-3 ml. n-HCl produced brief depression ; 
this was followed by augmentation except when the contractions were con- 
siderably depressed by prostigmine. 


DISCUSSION 


The partial neuromuscular block produced in the rat diaphragm preparation 
by Ca*+ deficiency is increased by 2 wg adrenaline/50 ml. Since in Ca?+ 
deficiency there is a reduced liberation of acetylcholine (del Castillo & Stark, 
1952) the effects of adrenaline on neuromuscular transmission cannot be due | 
to potentiation of the effects of excess acetylcholine, an action of adrenaline 
proposed by Biilbring & Burn (1942). This conclusion is supported by the 
finding of an augmenting effect of adrenaline when the contractions of the rat 
diaphragm are depressed by prostigmine. 

Adrenaline can block or improve transmission in a muscle suspended in 
Ca?+ deficient solution, or in a partially curarized preparation, according to 
the experimental conditions. It would be interesting, therefore, to find out 
whether or not the other known effects of adrenaline, such as the increase of 
resting potential found in muscle in situ (Brown et al. 1950), are affected 
similarly by environmental changes. There are, however, no reasons for 
expecting this. 

The relation between the neuromuscular blocking effect of 2 wg adrenaline 
and the Ca*+ concentration of Krebs solution strongly suggests that adrenaline 
might act at the neuromuscular junction by reducing the concentration of 
ionized calcium in the fluid surrounding it. This would occur if there were an 
increased adsorption of calcium from the external fluid by the rest of the 
muscle fibre. The other effects of adrenaline might then be explained by the 


+> 
ig 
‘ea 
3 
& 


ADRENALINE AND SKELETAL MUSCLE 627 


increased concentration of adsorbed calcium at the surface of the muscle. For 
example, adrenaline reduces the rate of loss of K; from a. muscle irrigated with 
K+-free Tyrode solution (Goffart & Perry, 1951) and increases the demarcation 
potential of muscle in situ (Brown et al. 1950). These effects can also be pro- 
duced by increasing the Ca** concentration of the external fluid (Davson, 
1951; Hunt & Kuffler, 1950); this increase presumably increases the amount 
of calcium adsorbed by the muscle. Further, like adrenaline, an increased Ca?+ 
concentration in the external fluid produces recovery in muscle depressed by 
excess KCl (Hajdu & McDowall, 1949; Knox et al. 1951). But such an action 
of adrenaline would not explain the augmenting effects of adrenaline on the 
contractions of the rat diaphragm in low-Ca*+ and normal Krebs solutions, 
and after addition of prostigmine, because a greater Ca?+ concentration at the 
muscle fibre surface would be expected to produce depression in these solutions 
(Table 1). The augmentation might be accounted for by a prolongation of the 
active state of the muscle brought about by adrenaline; Goffart & Ritchie 
(1952) have in fact shown that adrenaline has this effect on a muscle suspended 
in Tyrode solution, and concluded that it accounted for the increased maximal 
twitch tension produced. 

It is also possible that adrenaline might act by liberating H+ ions from the 
protein complexes at the muscle fibre surface; this should produce inwards 
transfer of K+ ions (Fenn & Cobb, 1935) and a reduced loss of K; in K*-free 
solution; it would reduce the concentrations of ionized and bound calcium at 
the musele fibre surface (Danielli, 1944). If this action occurred also at the 
neuromuscular junction it might explain the various effects of adrenaline on 
the contractions. The changes in the distributions of H+ and K+ ions would 
increase the demarcation potential; this increase would probably be greater 
than the reduction which would be produced by the reduced concentration of 
calcium at the muscle surface. : 


SUMMARY 


1, The effects of adrenaline on the contractions of the innervated rat 
diaphragm preparation have been investigated in various modifications of 
Krebs solution. When partial neuromuscular block is produced by calcium 
deficiency or by tubocurarine, 2 yg adrenaline/50 ml. increases the block and 
may also depress the response to direct stimulation. These effects of adrenaline 
are transient; a subsequent dose of 50 ug adrenaline produces prolonged 
improvement of transmission. 

2. When sufficient KCl is added to the low-Ca?* solution, adrenaline aug- 
ments equally the contractions produced by direct and indirect stimulation. 

3. When prostigmine is added to Krebs solution, or the Nat concentration 
is lowered, adrenaline produces a large augmentation of contractions. 
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4. In denervated muscle contracting in Ca*+-deficient Krebs solution, 
2 wg adrenaline/50 ml. produces contracture. 


5. Several possibilities are discussed by which the effects of adrenaline could 
be explained. 


Note added in proof 


The batho wishes to apologize for omitting reference to two other reports of blocking of 
neuromuscular transmission by adrenaline, in partially curarized rat diaphragm preparations 
(Ellis, 8., Abstr. XIX int. physiol. Congr. 1953, p. 332), and in preparations in Ca**+ deficient 
solution (Ellis, 8, & Beckett, 8. B., Fed. Proc. 1955, 14, 336). 
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VELOCITY PROFILES OF OSCILLATING ARTERIAL FLOW, 
WITH SOME CALCULATIONS OF VISCOUS DRAG AND 
THE REYNOLDS NUMBER 


By J. F. HALE, D. A. McDONALD ann J. R. WOMERSLEY 


From the Department of Physiology, St Bartholomew’s Hospital Medical 
College, London, E.C. 1. 


(Received 25 February 1955) 


Although the velocity distribution of a viscous liquid in steady laminar flow 
along a straight pipe is well known, much less is known of the flow-pattern 
when the motion is oscillatory. Such knowledge is essential if correct hydro- 
dynamical principles are to be applied to the circulation of the blood, for not 
only is arterial flow oscillatory in nature (McDonald, 1955; Womersley, 1955a) 
but so also is the flow in the larger veins (Helps & McDonald, 1954). In this 
paper we present some observations and calculations of the distribution of 
velocity across an artery (the velocity profile). | 

Arising from this, it is possible to make a plausible estimate of the limit of 
stability of laminar flow when the motion is oscillatory. A transient breakdown 
of laminar flow during systole has been observed in the rabbit aorta (McDonald, 
1952) even though the maximum Reynolds number was considerably below its 
critical value for steady motion. We have calculated the maximum rate of 
shear occurring in oscillatory flow and so have been able to determine the 
corresponding Reynolds number for a steady flow which would give the same 
rate of shear. This ‘effective Reynolds number’ can be made the basis of an 
estimate of the velocity at which laminar flow will become unstable when the 
motion is oscillatory. 


METHODS 


Direct observations. The femoral artery of the dog, anaesthetized with 30 mg/kg pentobarbi- 
tone sodium (Nembutal), was exposed surgically. An injection of 5% Evans’s Blue (T 1824) was 
made through a polythene cannula inserted into a branch, The flow of the dye was filmed at 
1500 frames /sec using a deep-red filter (Wratten no. 23) as previously described for the rabbit aorta 
(McDonald, 1952). 

Calculation of profiles from pressure srodiests The pressure gradients along the artery were 
measured as described by McDonald (1955). The corresponding flow calculations were made accor - 
ding to the simple theory of Womersley (1955a) where the artery is assumed to be a rigid pipe. 
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The equation used is (16) of Womersley (19554), i.e. for an applied pressure gradient M cos (nt - 4), 
the velocity is 


where pis the density of the liquid and n is 24 mf, where m is the order of the harmonic and f is the 
pulse frequency. Mj and ¢, are defined by equations (12)-(15) of the same paper. The velocity 
was calculated for twelve positions across the pipe, for values of y(=r/R) 0, 0-1,..., 0-9, 0-95, 
0-975. At y=1, ie. at the wall of the pipe, there is no motion of the liquid a and ei different 
for each value of y). 


RESULTS 


Direct observations were made in the femoral arteries of three dogs. This 
artery, although having the same external diameter (3 mm) as the rabbit 
abdominal aorta, was never translucent enough to allow precise observations 
of the profile of the dye; therefore the velocity profiles were computed, using 
the formula above, from the observed pressure gradient. Nevertheless, all 
observations showed that the motion was laminar throughout the cycle, and 
did not show the transient turbulence seen in the rabbit aorta. This is a 
point of considerable interest, since the Reynolds number (600-1000) at the 
peak of systolic flow has about the same value as in the rabbit aorta (600-1100). 
(Figures reported in McDonald (1952) are half these values, the radius having 
been used, in place of the diameter, in the formula for the Reynolds number. 
The reasons for using diameter were given in Helps & McDonald (1954).) The 
reason for this difference is to be sought in the higher frequency of oscillation 
in the rabbit, whose pulse frequency (f=6 per sec) was twice that of the dog. 
This is discussed in more detail below. 

For the detailed velocity calculations the results for one dog were chosen, 
typical of the flow curves measured in the femoral artery of this animal. The 
particular experiment is that shown in Fig. 8 of McDonald (1955), where the 
observed and calculated curves for rate of flow were in good agreement. If the 
velocities of individual laminae are plotted over the cycle as in Fig. 1, it is seen 
that, as in steady flow, the velocity is greatest along the axis (y=0) but the 
velocity at y=0-5 is more than three-quarters of the axial velocity, the pro-_ 
portion it would be if the motion were steady. This is true even in the rapid 
forward motion at systole; in the succeeding backward motion the difference 
at maximum for y=0-5 and y=0 is barely perceptible, though the phases are 
different. At y=0-95 the velocity is still a greater proportion of the axial 
velocity than in the corresponding steady flow. Hence the rate of shear will be 
greater close to the wall than it is in steady flow. 

Considerable differences in phase can also be seen between the oscillations of 
the different laminae. Those near the wall follow the oscillations of the pressure 
gradient more closely than do the larger oscillations of the central laminae. 
This effect may be interpreted in physical terms as follows. The effect of 
viscosity is high near the wall, and the peripheral laminae have a low velocity, 


~ ba 
bee 
4 
x 
e 
3 ’ 
f 
th 
ag 
wy 


> 


? 


ARTERIAL VELOCITY PROFILES 631 


_ (hence low kinetic energy) and so are reversed easily. As we move toward the 


axis the kinetic energy becomes much higher relative to the viscous drag and so 
there is a greater lag between the pressure gradient and the flow. This difference 
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Fig. 1. The velocity of pulsatile flow in the dog femoral artery displayed in terms of individual 
laminae in the stream. The position of a lamina is defined by y =r/R. Thus y =0 is in the axis, 
y =0-5 is midway between the axis and the wall and y =0-95 is close to the wall. The measured 
pressure gradient from which the curves were computed is displayed below. It can be seen 
that the flow of fluid near the wall follows the pressure gradient most closely and that the 
phase lag increases to a maximum at the axis. The peak mean forward velocity was 105 
cm/sec at 75° and the peak mean backward velocity was 25 cm/sec at 165°. 


in phase is illustrated most markedly at the first point of reversal. There is a 
period of time (represented by a duration of some 30° of the cycle) during 
which the velocity is reversed at y=0-95, whilst at y=0 the liquid is still 
moving forwards. 
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Velocity profiles drawn for the distribution of velocity across the pipe at 
selected points of the cycle present the flow-pattern in a way which may be 
compared with the well-known parabolic profile of steady flow. These profiles 
are exhibited for each of the individual harmonic components of the pressure- 
gradient curve. Fig. 2 shows profiles drawn at every 15° of the cycle for the 
first and second harmonics. (As they are symmetrical only half a cycle is 
shown.) The nature of these curves, and the amount of phase-lag, is deter- 
mined by the non-dimensional constant « (Womersley, 1955a). («= R,/n/v, 
where R is the radius, v is the kinematic viscosity and n=2mf as defined 
above, in Methods.) For the profiles in Fig. 2, « was 3-34 for the first harmonic 
and 4-72 (=3-34 x ,/2) for the second. Lambossy (1952) has published selected 
profiles for « = 2-85 and « =7-24. The effect noted in Fig. 1 can also be seen in 
these; reversal occurs first at the wall, and the central mass of fluid follows 
later. 

Fig. 2 also eis similar curves for the third harmonic (a=5-78) and the 
fourth harmonic (« =6-67). These show that the point where reversal starts in 
the outer layers comes closer to the wall and the central profile is flattened. To 
obtain the profile for the complete motion in the artery, the four harmonics are 
added together, with appropriate amplitudes, together with the appropriate 
steady flow. This is assumed to be a parabolic distribution, and a parabolic 
profile with an axial velocity of 30 cm/sec (to correspond with the observed 
steady average velocity of 15 cm/sec) is added to the four harmonic terms. (In 
this particular example the fifth and sixth harmonics were negligible.) The 
profiles of the total flow are presented in Fig. 3. They should be compared with 
the curves of Fig. 1, which presents the same flow pattern from a different 
aspect. In the fast systolic rush the maxima of all four harmonics come together 
and create a long parabola-like profile. Most of the amplitude is due to the 
first and second harmonics, while the higher harmonics contribute the rapid 
reversal effect seen close to the wall. During back flow the harmonic components 


Legend to Fig. 2. 

Fig. 2. (A) The velocity profiles, at intervals of 15°, of the flow resulting from a sinusoidal pressure 
gradient (cos nt) in a pipe. In this case «= R,/n/y =3-34, corresponding to the fundamental 
harmonic of the flow curves illustrated in Figs. 1 and 3. Note that reversal of flow starts in the 
laminae near the wall. As this is harmonic motion only half a cycle is illustrated as the 
remainder will be the same in form but opposite in sign, e.g. compare 180° and 0°. (B) 
A similar set of profiles for harmonic motion of double the frequency of A («=4-72). The 
amplitude and phase of the pressure are the same here and in C and D as in A. The effects of 
the larger « are thus seen to be a flattening of the profile of the central region, a reduction of 
amplitude of the flow and the rate of reversal of flow increases close to the wall. (C) The 
third harmonic with «=5-78, The effects of higher frequency noted in B are here further 
accentuated. (D) The fourth harmonic (« =6-67) shows the same effects again. The rapidly 


varying part of the flow lies between y=0-8 and y=1-0 and the central mass of the fluid 
reciprocates almost like a solid core. 
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are out of phase with each other and the axial flow is never prominent; in fact 
the highest peak velocity occurs between y=0-3 and 0-4 at 180° but is almost 
the same from y=0-5 (at 165°) to the axis (at 195°). PORTE. 


A B 
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Fig. 3. Velocity profiles calculated from observations of the pressure gradient in the dog femoral 
artery. The first four harmonics, with the same values of « as in Fig. 2, are summed together 
with a parabola (axial velocity 30 cm/sec) representing the steady forward flow. The maxi- 
mum forward velocity occurs in the axis because here the harmonic components are all in phase 
but the maximum backward velocity lies between y=0-3 and 0-4 at 180°. The reversal of 
flow beginning near the wall is clearly seen. 


Viscous drag. The rate of shear (and hence, by multiplying by the viscosity, 


the viscous drag) has been calculated for the points in the cardiac cycle where 
it reaches its maximum value. In this way we have made an empirical approach 
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to the problem of stability. There is, as yet; no fundamental explanation of the 
causes of instability when laminar flow becomes turbulent in a straight pipe. 
It is, however, well known that vorticity in a fluid is always generated at the 
boundary, and moves inward from it, having its origin at a point or points 
where the velocity gradient exceeds some limiting value. The first step is, 
therefore, to calculate the maximum viscous drag for a simple harmonic 
pressure gradient. In the notation of Womersley (1955a) we have, from one 


tion (26), 2M, (a) 
aM y ACHE 
The maximum value of the average velocity across the pipe is (from equation 
(16) of the same paper) MR ut | 
10 


(1) 


(2) 


and for a steady Poiseuille motion F max, = O74 Wo, where W, is the average 


__ velocity across the pipe. If, therefore, we compare the oscillatory motion with 


a corresponding steady motion which has the same maximum viscous drag, 
we have from these three equations 


W, 1 2M,(a) 
©) 


and therefore the use of this ratio will give the Reynolds number of the 
Poiseuille flow which has the same maximum viscous drag as the given oscilla- 
tory motion. This we call the ‘effective Reynolds number’ or the ‘equivalent 
Reynolds number for steady flow’. We may then make a rough estimate of the 
velocity at which instability may be expected to arise in the oscillating flow by 
comparing this ‘effective Reynolds number’ with the critical value for steady 
flow. The ratio of effective Reynolds number to actual Reynolds number 
varies with «, and its variation with « is shown in Fig. 4. It will be seen that 
this graph is virtually composed of two straight lines. For «<2 the ratio is 
very close to unity. For «>3 it increases linearly. Since « varies directly as 
the product of the radius and the square root of the frequency it will be seen 
that the highest effective Reynolds numbers will be found in large vessels, or in 
animals with high pulse-rates. A study of the velocity profiles in Fig. 2 will 
make clear how this comes about. The slope of the curves at y=1 (i.e. at the 


wall) is steeper at the higher values of «. 


Fig. 4 gives a correct value of the ratio when the pressure gradient consists 
of a single harmonic term. If it consists of the sum of a number of harmonic 
terms the calculation becomes rather tedious. If F is the total viscous drag at 
the wall, then in the notation of Womersley (1955a) we have, for four terms, 


(4) 


F=rF [Mo Malin cos (mnt 
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and the %, of the Poiseuille flow to give this value of the viscous drag 
will be 
(Mo + 008 (nnt— Bye) (6) 
m=1 


It is less trouble to calculate @, over the cycle, and thus find its maximum 
value, than itis to determine it by analytical methods. This has then to be com- 
pared with the largest value of average velocity which occurs during the cycle. 


26 


Fig. 4. Graph for the estimation of the effective Reynolds number of oscillating flow. The ordinate 
represents the equivalent average velocity (,) which will give the same maximum viscous 
drag as the oscillating flow, expressed as a ratio to the maximum forward velocity (@,) of that 
oscillating flow. The abscissa, «, is described in the text. Thus in an artery where «=5 the 
effective Reynolds number is 1-5 times the Reynolds number derived from the classical 
formula. When «<2 the effect of pulsation on the stability of the flow is negligible. 


For the example shown in Figs. 1 and 3, the valué of the effective Reynolds 
number is 992, and its ratio to the actual Reynolds number at maximum 
forward flow is 1-31. Such a high Reynolds number is not maintained through- 
out the cycle, and it is not possible (in the absence of an adequate theory of 
stability) to predict the consequences of the effective Reynolds number rising 
above the critical value for a small fraction of the whole cycle, i.e. to say 
whether the breakdown in laminar flow will disappear as the Reynolds number 


falls, or will persist throughout the cycle. This — is discussed below in 
the light of the experimental observations, 
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‘of laminar flow into turbulence, yet similar observations made in the rabbit 
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DISCUSSION 


The oscillatory nature of the pressure gradient in arteries, and hence of the 
resulting flow, has been demonstrated previously by McDonald (1955). 
Although this fact may be obscured in some arteries, in which there is no back- 
flow, the oscillations are still present, as fluctuations of a relatively large steady 
flow. In the particular example taken here (the dog femoral artery) there is 
normally a back-flow phase, but the presence of such back-flow is not a criterion 
of the presence of oscillatory terms. It merely indicates that in a large systemic 
artery such as this the combined oscillatory terms are much larger than 
the steady term (in the dog femoral artery about 7 times greater). The 
observations and calculations made are applicable, in principle, to all 
arteries, | 
When such oscillatory flow is studied in detail, it is found that the distribution 
of velocity across the artery is quite different from the normal parabolic distri- 
bution associated with steady flow. The motion of the peripheral layers of the 
liquid is more nearly in phase with the pressure gradient than the motion of the 
layers nearer the centre and as the frequency increases the velocity becomes 
more nearly uniform over the central part of the tube, the lateral variation in 
velocity being crowded nearer and nearer to the boundary. This increases the 
rate of shear in the boundary layer at high frequencies. Since the point at 
which laminar flow breaks down is thought to depend on the rate of shear 
exceeding a critical value, an ‘effective Reynolds number’ has been defined 
for this kind of flow which takes into account this increase in rate of shear 
with frequency, and Fig. 4 demonstrates the way in which this increases with 
increasing «. We may say that increasing the pulse frequency has the same 
effect as increasing the radius of the tube. (The effect of a given proportional 
increase in frequency is the same as that of raising the square of the radius in 
the same proportion.) 
In calculating the effective Reynolds number it has been assumed that the 
stability of the motion depends on the maximum viscous drag at the wall, and 
on that alone. Although the foundation for this is largely intuitive, the deduc- 
tions from it outlined above do resolve, to some extent, the apparant anomalies — 
in the observations. In ‘Results’ above it is stated that high-speed films of the 
motion of dye injected into the dog femoral artery do not show any breakdown 


aorta (McDonald, 1952) showed that during the fast forward systolic flow a 
breakdown of laminar flow does occur. The maximum Reynolds number, 
calculated in the usual way, was practically the same for both experiments. 
Let us take a value within the range, say 1000, as an illustration. If from Fig. 4 
we find the ‘effective Reynolds number’ for these two arteries, assuming all 
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the motion to be concentrated in each harmonic in turn, we have the following 
values: 


‘Effective Reynolds Number’ 
Harmonic “Dog Rabbit 
1 1160 1460 
2 1480 1950 
3 1725 2350 
4 1950 2680 


In the rabbit, therefore, all harmonics above the first show an effective 
Reynolds number at or above the critical value of about 2000 for steady flow. 
In the dog this is only reached at the fourth harmonic. 

The actual effect of the various harmonics will depend on their proportional 
contribution to the total flow. The total effect can be derived approximately 
by taking the weighted mean of the moduli of the harmonic terms as in 
Equations (4) and (5) above. The mean value for the effective Reynolds number 
for the dog femoral artery thus becomes about 1300 for the set of values listed 
above. We do not have any adequate data on the pressure gradient in the rabbit 
aorta, but even assuming that the higher harmonics are proportionately the 
same as in the femoral artery (a conservative assumption) the effective 
Reynolds number at the peak forward velocity is about 2000. The fact that 
transient breakdown has been seen to occur in the rabbit aorta does indicate 
that these assumptions have some factual background. 

The calculation of results presented here has been based on the simple theory 
in which the artery is treated as a rigid tube (Womersley, 1955a). This has 
been shown to predict the flow generated by the pressure gradient in the artery 
with reasonable accuracy. The conditions when the elastic properties of the 


artery are included in the account become more complex but have been 


described (Womersley, 19555). In an elastic pipe the walls will move longitu- 
dinally as a result of the viscous drag on their inner surface, and so the con- 
dition of zero velocity at the wall will no longer be true. This has the effect of 
reducing the maximum rate of shear at the wall and hence the effective Rey- 
nolds number. On the other hand, the resulting expansion of the elastic tube 
tends to increase the instability of the flow and offsets the first effect. In 
limiting the calculations to those for the rigid tube there is no important sacri- 
fice of principle. The errors in the calculated effective Reynolds number 
arising from this are certainly less than those involved in measuring the 
Reynolds number in an artery. 

The feature of greatest interest is that the effective Reynolds number, and 
hence the limit of stability, depends not only on the velocity and the diameter 
of the tube, but also on the pulse frequency. Increase of any of these will 
bring the system nearer to the state at which instability can occur. The 
relationship between arterial size and pulse frequency expressed in the non- 
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dimensional parameter « enables us to make a further generalization. It has 
been shown (Womersley, 1955a) that « is of comparable magnitude in a wide 
range of animals; in the femoral artery it is about 3 in the rabbit, cat, dog and 
man. If now we denote the function of « plotted in Fig. 4 by G@ («), then the 


effective Reynolds number is = G(«), so that whether or not the effective 


Reynolds number (and hence the limit of stability for arteries in corresponding 
anatomical positions in different animals) is the same will depend upon how 
much R/v varies. 

It is not possible on the basis of these estimates to predict the degree of 
persistence of turbulence, or vorticity, during the cycle. In general, however, 
the greater the amount by which the effective Reynolds number exceeds the 
critical value, the greater will be the proportion of the pulse cycle during which 
turbulence will persist. We are, nevertheless, in a more confident position for 
predicting the nature of flow in arteries and, because of the effect of differences 
in pulse frequency, the conditions in human arteries will be seen to be com- 
parable to those observed in animal experiments. 


SUMMARY 
1, The velocity distribution across the femoral artery of the dog has been 


_ studied (Fig. 1). 


2. Velocity profiles have been drawn of the harmonic components of this 
flow (using the simple theory of Womersley, 1955a), based upon experimental 
data derived from the femoral artery (Figs. 2, 3). 

3. The maximum viscous drag has been calculated and compared with that 
for steady flow, and it is shown that viscous drag increases with frequency of 
oscillation (i.e. the pulse frequency) and a relation is deduced between the maxi- 
mum Reynolds number and an ‘effective Reynolds number’, defined as that of 


a steady flow having the same maximum drag (Fig. 4). 


4. Flow in the femoral artery is stable, whereas in the rabbit aorta it shows 
transient turbulence (McDonald, 1952). The Reynolds number at maximum 
forward velocity is approximately the same for both, but application of the 
relationship shown in Fig. 4 provides an explanation for the discrepancy—the 
pulse frequency in the rabbit is double that in the dog. | 

5. The significance of these findings is remarked upon in relation to the 
stability of laminar flow in the arteries in different animals. 


We are grateful to the Medical Research Council for a personal grant to J. R. W. and for a grant 
to D.A.McD. which purchased a calculating machine and defrayed the cost of the high-speed 


cinematography, 
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Note added in proof 
Owing to an oversight we omitted a reference to an experimental verification of the velocity 
profile of an oscillating fluid by Miiller (1954). He measured the velocity of flow in a model 
with a Pitot tube at varying distances from the axis with a=6-43. His curves are similar in 
form, though with a greater scale, to ours shown in Fig. 2D. 


REFERENCES 


Hetps, E. P. W. & McDonaxp, D. A. (1954). Observations on laminar flow in veins. J. Physiol. 
124, 631-639. 

Lampossy, P. (1952). Oscillations foreées d’un liquide incompressible et visqueux dans un tube 
rigide et horizontal. Calcul de la force de frottement. Helv. physica acta, 25, 371-386. 

McDonatp, D, A. (1952), The occurrence of turbulent flow in the rabbit aorta. J. Physiol. 118, 
340-347. 


MoDonatp, D. A. (1955), The relation of pulsatile pressure to flow in arteries. J. Physiol. am, 
533-552. 


Miuuer, A. (1954). Uber die Verwendung des Pitot-Rohres zur Geackwindigkeitemessung. 
Helv. physiol. acta, 12, 98-111. 

WomeErsey, J. R. (1955a). Method for the calculation of velocity, rate of flow and viscous drag 
in arteries when the pressure gradient is known. J. Physiol. 127, 553-563. 

Womens ey, J. R. (19550). Oscillatory motion of a viscous liquid in a thin-walled elastic tube. 
I—The linear approximation for long waves. Phil. Mag. 46, 199-221. 


a 


Men 
by 
BS 
4 
“J 
+ 
J 
3 
7 
| 
act 
4 > 
4 
4 
a 
2 
D 
| 
4 
be 
2 
og 
ay 
hes 
3 


THE JOURNAL 


EDITED FOR COLGATE-PALMOLIVE 60. 


‘THE PHYSIOLOGICAL | SOCIETY 


BY 


R.S.CREED(Chairman) M.GRACEEGGLETON W. FELDBERG 


R.A.GREGORY G. W. HARRIS A. F, HUXLEY 

R.C.JORDAN A. KEELE R. D. KEYNES 
-MARGARETM.MURRAY NOLTIE) 
J. M. PETERSON RUSHTON 


28 June 1955 


Volume 128, No. 3 
(Completing Volume 128) 


CAMBRIDGE UNIVERSITY PRESS 
-LONDON: BENTLEY HOUSE, N.W.1! 
NEW YORK: 32 EAST 57TH STREET, 22 | 


Price 25s. net 
(U.S.A. $4.25) 


Re} 
og 
city 
sol, 
5 
ube 
118 
(27, 
ing. 
$ 
lrag 
ube 
4 
. 
. 
% 
et 
x 
4 
? 
ong 
7 
‘ 


M 


oF THE Soorety, 22-23 April 1955 
Acland, J. D. Determination of serum protein-bound iodine 


M. A comparizon of MP and "Cr as labels for 


and Kage, J. Aikaline phosphatase in the amell intestine . Me 
Johnson, F. R. and McMinn, R. M.H. Healing of artificial ulcersin urinary bladder 


Johnson, F. R. and McMinn, R, M. H. ee 
the production of heterotopic bone . ‘ 


Ghadially, F. N. of Savoma RD, by antibody techie 
Hadfield, J. W. Method of indelible marking of glassware. ‘ 
Fry, B. A. win ts of labeled fatty 
Whittam, R. Micro-determination of tissue chloride. 

Hyndman, 8. H. Vinual aid for demonstration of comparisons or of 


processes . 
and Smyth, D. H. Polarised transparencios and lies of physilogioa 


Sheff, M. F. and Smyth, D. H. Apparatus for study of in vivo intestinal absorption . 


» Renschler, H. and Wilson, G. M. Separation of and "Nin biologia 


Acland, J. D. Interference of trichloroacetic acid with paper chromatography of thy 
oxine and its removal from aqueous solution by electrolytic desalting . . 


Naylor, W. A simple reaction-time meter. 

Winter, L. B. to horse seven: protein 

Gibson, Q. H. and Roughion, F. J. W. Reactions of sheep Hb with nitric oxide : ; 

Gibson, Q. H. Reactions of 0, and CO with the Hb of the lamprey. 

Hobbiger, F. and Lessin, A. W. Correlation betwoon transience of stropine-block and the 
incidence of atropine-esterase in rabbits. . 


Kilpatrick, R., Miller, H., Munro, D. 8., Renechler, H. and Wilson, Distribution of 
“@K and "Rb in the rabbit 


French, E. B., Kilparich, R. and Wood, D. B. Adrenaline seertion and ptoms of 
insulin-induced hypoglycaemia 


 Dowse, C. M., Saunders, J. A. and Schofield, B. Composition of lipid material from 


jejunum of fasting dogs . 
Ness A. R, sats of mandibular incisors 
Pascoe, J. Changes in polarisation of superior cervical gangion with drugs 
Diamond, J. and Howe, A. Study of aortic bodies in the cat 
Gloster, J. Effect of carbonic anhydrase inhibitor on intraocular pressure ee 
Langham, M. E. Effect of carbonic anhydrase inhibitor on circulation of aqueous humour 
Lee, Patience M. ond 00, 
concentrations in blood and aqueous humour ; 
Smyth, D. B. Inhibition of H,O transport in the én oto intetinl 
prepara 


Abrahame, V. C. and Pickford, Mory. Flow of fluid through the dog ureter . 
Beswick, F. B. Blockey, J. ond Evanson, J. Bffoota ofthe stimulation of articular 


B. ond J. M. Reflex effects of 
repetitive stimulation of group I 


Whaler, B. O, The occurrence of acylase in the intestinal mucosa . 

Franklin, K. J., Todd, C. and Wise, M. Somehaemexefiecta . .. 
Thomas, 8. Excretion of electrolytes during a water diuresis OE oe 


PAGE 
61P 


61P 
63P 
63P 


63P 
63P 
63P 
63P 
63P 
65P 


66P 


66P 
66P 
67P 


68P 
68P 


68P 


69P 
69P 
69P 
70P 


71P 
72P 


73P 
74P 
76P 
76P 
77P 
78P 


80P 


81P 
82P 


83P 


“4 
¥ 
E 
bey 
a 
3s : 
s 


_ identical profile, and potentiate subsequent histamine contractions similarly. 


PROCEEDINGS OF 
THE PHYSIOLOGICAL SOCIETY 


NATIONAL INSTITUTE FOR MEDICAL RESEAROH, 
THE RIDGEWAY, MILL HILL, LONDON, NW.7 


25-26 February 1955 


Resuscitation of hypothermic, supercooled, and frozen mammals. 
By Auprey U. Smirs. (Film) 


Response of the cavy ileum to ‘SRS-A’ from lung of man and of 
cavy. By W.E. Brocxtenvurst. National Institute for Medical Research, 
London 


The occurrence of a slow-reacting substance together with histamine, in the 
perfusate coming from the isolated lung of a guinea-pig during anaphylactic 
shock, has been reported previously (Brocklehurst, 1953). The substance has 
been provisionally named ‘SRS-A’ (slow-reacting substance in anaphylaxis) 
to differentiate it from the considerable number of ill-defined gut-contracting 
substances to which the term ‘SRS’ has been applied. When fresh lung from 
an asthmatic human was similarly perfused, and an antigen to which there 
was definite clinical sensitivity was added to the inflowing Tyrode solution, 
both histamine and SRS-A were found in the effluent. The SRS-A has been 
separated from the histamine, and partly purified, by adsorption from the 
perfusate on to activated charcoal, washing with water, and subsequent 
elution with 8% n-butanol in water. The demonstration shows that when 
material, purified in this manner, is tested on the atropinized cavy ileum, a 
slow, well-maintained contraction is produced, and after washing out the bath, 
relaxation is delayed. Responses of the gut to histamine are considerably 
potentiated following SRS-A. 

Purified samples of SRS-A from human and guinea-pig sources show the 
same dose-response relationship on the cavy ileum, produce contractions of 


It is believed that the same substance occurs in both species. 


REFERENCE 
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Modifications of the Cossor camera to permit the taking and 
numbering of single frames. By W. L. M. Perry and P. pz Rosst. 
National Institute for Medical Research, London 


When the Cossor cathode-ray oscilloscope and camera Model 1049 is used for 
electrophysiological work it is convenient to be able to expose and number 
each separate frame of the film. The camera as supplied is designed for con- 
tinuous running at various speeds and not for the exposure of single frames. 
The initial modification consisted therefore in providing both a hand-operated 
and an automatic mechanism for moving the film by one frame. This was done 
by mounting a Perspex disk on the spindle of the camera drive, one complete 


Air vent 


Housing for prism | 


Fig. ;. Diagram of apparatus for numbering film. 


turn of which moves the film by two frames. The disk, which is 2 in. in dia- 
meter, carries an aluminium handle which is used to rotate the spindle manually. 
An aluminium ring j in. wide is mounted round the whole of the periphery of 
the Perspex disk except for one small segment ;}, in. across. Two diametrically 
opposed spring-loaded brushes make contact with the aluminium strip and the 
small segment of Perspex acts as the contact breaker. By an appropriate 
electrical circuit this arrangment can be made to move the film automatically 
one frame at a time, i.e. 180° rotation of the spindle. 

The film is numbered by projecting the image of the figures of a Post Office 
counter on to the back of the emulsion. The arrangement of the apparatus is 
shown in Fig. 1. The counter (a) is of the white numeral, black background 


type, and is fitted into an aluminium lamp housing (b). The figures (c) are 


obliquely illuminated by a 6-3 V 1-9 W lamp (d), and the image of the numbers 
is focused on to the back of the film through a prism (e) and a lens (/). 

The ground Perspex film carrier of the Cossor camera facilitates visual 
adjustment of the focus, orientation and brightness of the numbers. This is 


- 
¥ 
4 
| 
— 
=> - 
| 
| 
f 
one” ~ 
kz d 
“4 
> 
ayy 
Wa 


A lightweight stereotaxic instrument for man, monkey and cat. 
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done by removing the main camera lens and viewing the screen directly 


through the resulting aperture. Excessive scatter of light reaching the film 


surface directly from the lamp is minimized by placing a slit between the lamp 
and the lens. 

When Ilford 35 mm recording film was used, it was found necessary to flash 
the lamp for 0-5 sec to obtain a satisfactory exposure. An 8-0 uF condenser 
discharging through a relay, shunted with a potentiometer, provided a satis- 
factory exposure control. 

The exposure is triggered by the same switch which moves the film. The 
number is printed on the film after the frame change, so that it is necessary to 
incorporate a time-delay circuit to ensure that the exposure lamp flashes after 
the film has stopped moving. This time delay has a variable control and may 
be adjusted to suit the film speed used. 

It is also possible to run the camera continuously by short-circuiting the 
contacts, described above, which interrupt the mains supply to the camera 


_ motor. This switch simultaneously renders the exposure lamp inoperative, but 


the counter continues to register each frame change and serves, therefore, as 
an indicator of the amount of film used. A second counter, wired in parallel 
with the first, is mounted as a monitor on an instrument panel for convenient 


reading. 


A method of studying the actions of drugs injected intraventri- 
cularly on evoked responses in the cortex and mid-brain of 
the cat. By W. Fetpsere, J. L. Matcotm and 8. L. Saerwoop 


Perfusion of the cat’s superior cervical ganglion under anaerobic 


conditions. By W. L. M. Perry and H. Reinert 


Measurement of the active state of frog muscle. By J. M. Rircuiz 


_ Registration of the protrusion of the rat’s eyeball to cervical 


sympathetic stimulation. By 8. B. Gertner, J. L. Matcotm and 
H. ReINERT 


By W. Lister and 8, L. SHerwoop 


Metal filled microelectrodes. By J. L. Matcotm 


Stimulators with R.F. isolation unit. By J. Perxins 
a2 
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Production of auricular fibrillation by electrical stimulation of 
the heart-lung preparation in the presence of anticholin- 
esterases. By J. H. Burn, E. M. Vavanan Wittiams and J. M. Wacker. 
Department of Pharmacology, University of Oxford 

When an inhibitor of cholinesterase is added to the blood in the ee. 

preparation the following effects are produced: 

(1) The spontaneous rate is slowed. : 

(2) The P-R. interval is lengthened. 

(3) Partial or complete A-V. block may occur. 

(4) When the rate is kept constant by electrical stimulation the output falls. 

These effects are also produced by a constant infusion of acetylcholine, and 
are abolished by atropine. This suggests that acetylcholine is being constantly 
liberated. The effects numbered (1), (2) and (4) are produced in the absence of 
an inhibitor of cholinesterase by driving the heart electrically for 5-10 min. 


_ The changes are then seen when driving stops and disappear in 5-10 min. 


We have previously described the production of auricular fibrillation by 
applying electrical stimulation during the infusion of acetylcholine. 

We have now regularly observed the occurrence of auricular fibrillation 
when stimulation is applied in the presence of an inhibitor of cholinesterase in 
molar concentrations between 10-° and 10-+. The fibrillation produced by an 
infusion of acetylcholine continued after cessation of stimulation as long as 
the infusion was continued. The fibrillation produced in the presence of an 
inhibitor of cholinesterase continued for a few minutes after cessation of 
stimulation, the length of time being greater according to the concentration. 


The effects of low temperatures on the electrical and mechanical 
_ activity of the isolated rabbit auricle. By Jzan MarsuHa.i and 
E, M. Department of Pharmacology, University of 
Oxford | 
The auricles are suspended in a Perspex chamber and perfused with physio- 
logical saline containing sufficient bicarbonate to give a pH of 7-4 when 1-6% 
CO, in oxygen is bubbled through the chamber. Action potentials are recorded 
from the region of the pacemaker in the right auricle and from the tip of the left 
auricle. The mechanical activity is recorded by allowing the auricles to pull 
against a muscle lever attached to a RCA 5734 transducer. The auricles beat 
spontaneously. The temperature of the perfusate is maintained at any given 
point by thermostatic control within +0-5° C. 
Under these conditions the tissue is cooled from 30° C to a temperature at 
which all electrical and mechanical activity ceases. This temperature varies 
between 14° and 20°C. As the tissue is rewarmed small, rhythmical, electrical 
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potentials appear (20-30 »V). These potentials exhibit the following properties: 
(a) they are usually localized in the region of the pacemaker, although they 
sometimes appear independently in both right and left auricles; (b) they are 
usually unaccompanied by tension; (c) they increase in both size and rate as 
the tissue is rewarmed to a temperature at which they develop into large- 
action potentials with the simultaneous development of tension; (d) the addi- 
tion of acetylcholine (10~* g/ml.) to the perfusate at a temperature where these 
small electrical potentials are the only evidence of activity, causes an immediate 
appearance of large-action potentials and the development of tension. 


The effect of ascorbic acid transfer on the lactic acid concentration 
of the aqueous humour after unilateral preganglionic cervical 
sympathectomy. By J. W. Ripez. Ophthalmological Research Unit, 
Medical Research Council, Institute of Ophthalmology, Judd Street, London, 
W.C.1 


Linnér (1952) has shown that following acute unilateral preganglionic cervical 
sympathectomy in the rabbit there is an increase in the ascorbic acid content 
of the homolateral aqueous humour relative to that on the contralateral side. 
Linnér concludes that this increase is directly related to the accompanying 
change in the rate of blood flow through the anterior uvea and that changes in 
the rate of flow of aqueous humour are not present to ‘any great extent’. 

It has been suggested, however, that an increase in the rate of flow of 
aqueous humour on the homolateral side is associated with unilateral pre- 
ganglionic cervical sympathectomy (Davson & Matchett, 1951), and that such 
a change would result in a corresponding decrease in the lactic acid concentra- 
tion of the aqueous humour of the affected eye (Langham & Ridge, 1954). The 
lactic acid of the aqueous humour after unilateral preganglionic cervical 
sympathectomy was therefore investigated. _ 

In normal adult rabbits the concentration of lactic acid in the aqueous 
humour of the two eyes was found to be the same, the ratio between them | 
being 099+ 0-008 (22). Some 20 hr after unilateral preganglionic cervical 
sympathectomy the ratio of the lactic acid in the homolateral aqueous humour 
to that in the contralateral aqueous humour was found to be 0:87 + 0-012 (22). 
In the presence of a maximal rate of transfer of ascorbic acid across the blood- 
aqueous barrier this ratio increased to 0-99 + 0-012 (18). Although these ratios 
would seem to indicate an association between the rate of flow of aqueous and 
the rate of transfer of ascorbic acid across the blood-aqueous barrier it may be 
shown from consideration of the absolute lactic acid concentrations that if 
such a relationship exists it is not a simple one. 
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It has been reported that after unilateral common carotid occlusion there 
are differences between the eyes with respect to the aqueous humour ascorbic 
acid (Linnér, 1952) and lactic acid (Langham & Ridge, 1954). The possibility 
that these differences and those reported in this communication are due to 
changes in the rate of lactic acid production by the lens was investigated. The 
lactic acid of the lens was unaffected by either unilateral common carotid 
occlusion or unilateral preganglionic cervical sympathectomy. 


REFERENCES 
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Increase in sensitivity of baroreceptors produced by anaesthetics. 
By J. D. Rosertson, A. A. B. Swan and D. Wuitteripar. Department 
of Physiology, Edinburgh University 

The mechanism of the fall in blood pressure which results when an animal 
suddenly inhales chloroform, ether or trichlorethylene has not been completely 
analysed. Hering (1927), from experiments involving mechanical stimulation 
of the region in animals, suggested that the sensitivity of the carotid sinus 
reflex might be increased in certain stages of chloroform anaesthesia. Whit- 
teridge & Biilbring (1944) found that pulmonary stretch receptors are sensi- 
tized by volatile anaesthetics. 

A similar increase in sensitivity of baroreceptors has been observed in the 
present study. An increased discharge frequency for a given pressure was 
seen in single units of the aortic depressor or carotid sinus nerves in four cats, 
during inhalation of ether, chloroform and trichlorethylene. This was also 
found in a single unit from the carotid sinus nerve when the sinus was perfused 

and pulse pressure, peak pressure and rate of rise kept constant. 

By perfusing the carotid sinus, isolated except for its nervous connexions, 

it has been found that the alteration in sensitivity of the baroreceptors results 

in reflex changes in blood pressure. Ether or chloroform added to the per- 
fusing Tyrode solution caused an initial fall in systemic blood pressure although 
the intrasinus pressure was unaltered. A rise in intrasinus pressure produced 

_ a greater reflex effect in the presence of anaesthetics. High concentrations of 

ether or chloroform abolished the reflex responses. 

To assess the part played by this mechanism in the intact animal, the fall in 

_ blood pressure on inhalation of the anaesthetic was observed before and after 

cutting the ‘buffer’ nerves. In eight of nine experiments cutting the nerves 

reduced the fall. This contrasts with other reflex circulatory responses, for 


example, the effect of bladder distension, which is enhanced by cutting the 
‘buffer’ nerves. 
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the earlier stages of induction. 


pattern similar to that of the mammalian oxidase (Krebs, 1951), and a second 
_enzyme which oxidizes p-glutamic acid. The evidence suggests that the 
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It is concluded that volatile anaesthetics sensitize the baroreceptors, and 
the increase in sensitivity contributes to the cardiovascular changes in the 
intact animal during anaesthesia. This is likely to be important only during 


REFERENCES 
_ Hering, H. E. (1927). Die Karotissinusreflexe auf Herz und Gefisse. Dresden u. Leipzig. 
Whitteridge, D. & Biilbring, E. (1944). J. Pharmacol. 81, 340-359. 


p-Glutamic acid oxidase in cephalopod liver. By H. BLascuKo and 


Jean M. Himms. Department of Pharmacology, University of Oxford, and 

Marine Biological Laboratory, Plymouth 
Extracts of cephalopod liver contain an oxidase which acts on many D-amino- 
acids (Blaschko & Hawkins, 1952). It was found that p-glutamic acid was one 
of the amino-acids oxidized. Since it is known that mammalian tissues contain 
an oxidase specific for D-aspartic acid (Still & Sperling, 1950), we have now 
re-examined the substrate specificity of the cephalopod D-amino-acid oxidase. 
Mixed substrate experiments have shown that the liver of Husepia officinalis 
contains two enzymes, one general D-amino-acid oxidase with a specificity 


p-glutamic oxidase also acts upon D-aspartic acid, but at a slower rate; the 
next higher homologue, D-x-aminoadipic acid (kindly given by Dr J. P. Green- 
stein), was not oxidized. | 
p-Glutamic acid has been found in bacterial polypeptides; its presence in ~ 
tumour tissue has been under discussion for a long time. It seems therefore of 
interest that a highly active preparation, specific for the D-configuration, can 
easily be obtained. Fresh, frozen and acetone-dried material can be used. The 
enzyme was found in the livers of all cephalopods examined (Husepa ~— 
Loligo forbesi, Octopus vulgaris and Eledone cirrosa). 
Help from the Osler Memorial Fund is gratefully acknowledged. 
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The effect of hexoestrol on the secretion of corticosterone by the | 
‘adrenal gland of the rat. By Marrue Voar. Department of Pharma- 
cology, University of Edinburgh 

When adult rats are injected with oestrogens, their adrenal cortices become 

hypertrophic and engorged with blood and lose their lipid granules (Loeser, 

1939; Vogt, 1944). The secretory capacity of such glands has long been a 
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matter for speculation. In the experiments to be reported, rats were injected 
with hexoestrol (0-3-0-5 mg/kg daily for 2-11 days), and cortical secretion 
measured by colorimetric estimation of the corticosterone released into the 


adrenal vein blood. It was found that the lipid-depleted glands secreted much 


less corticosterone than normal glands. No other compound with the chemical 
properties of a cortical steroid was found which might have acted as a sub- 
stitute for corticosterone. The effect was reversible when the hexoestrol 
administration was discontinued. 

It is concluded that oestrogens inhibit the normal function of the adrenal 
cortex in the rat. Possible modes of action will be discussed. : 
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Contraction of the longitudinal muscle of the isolated guinea-pig 
ileum, caused by raising the pressure in the lumen. By H. W. 
Kosreruirz, Vivien W. and Juprra A. Rosinson. Department 
of Physvology, University of Aberdeen 

When the lumen of the isolated guinea-pig ileum is filled with Tyrode solu- 

tion, a peristaltic reflex is set up in which a contraction of the longitudinal 

muscle fibres is followed by a contraction of the circular muscle expelling the 
fluid from the lumen (Trendelenburg, 1917). The purpose of this communica- 
tion is a partial analysis of the mechanism of the contraction of the longitudinal — 
muscle. The contraction of the circular muscle is suppressed by ganglion- 


_ blocking agents such as hexamethonium (Paton & Zaimis, 1949) or by storing 


the isolated ileum in Tyrode solution at 4° C for 24 hr (Ambache, 1946). Under 
these conditions the longitudinal muscle still contracts when the pressure in 
the lumen is raised. The observations were made either with a conventional 
isotonic lever or an isometric condenser myograph. 

A purely mechanical shortening of the longitudinal muscle layer due to the 
radial distension of the gut during filling is excluded by the observation that 
only a very small increase in tension is found when the contraction of the 
muscle is inhibited by 0-002 m-NaCN or is no longer present after storage at 
4° C for 4 days. 

A second possibility which has to be considered is that the contraction of 
the longitudinal fibres is the response to a stretch exerted on them during 
filling of the lumen. However, as the overall length of the ileum is, if anything, 
decreased during filling, an increase in the length of the longitudinal fibres can 
only be caused by the change in the shape of the suspended ileum from 
approximately a cone to a cylinder. The resulting lengthening varies with the 
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degree of filling. When the empty ileum is lengthened to a similar extent by 
a stretching device, the increase in longitudinal tension is insignificant and 
always very much smaller than that obtained by filling of the lumen. Similarly, 
sudden changes in the length of the ileum produced by loading or unloading 
of the lever attached to an isotonically suspended ileum do not lead to a con- 
traction of the longitudinal fibres. Further, when the ileum is allowed to 
shorten after filling, the longitudinal fibres usually remain contracted until the 


lumen is emptied again, showing that stretching of the longitudinal fibres can- 


not play an important role. It is considered likely that the adequate stimulus 


~ for the contraction of the longitudinal fibres is stretching of the intestinal wall 


in a radial direction. 
REFERENCES 
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The effect of activity on mammalian C fibres. By G.L. Brown and 
O. Hotmes. Department of Physiology, University College London 


Monophasic action potentials were recorded from the hypogastric nerve of the 
cat anaesthetized with chloralose. The blood supply of the nerve was retained, 
and records were taken under paraffin at 37°C. Single infrequent supra- 
maximal stimuli (0-5 msec in duration, 20-30 V) produce a spike followed by 
trivial negative and positive after-potentials. The nerve was then subjected to 
a train of more frequent stimuli and the responses to subsequent, infrequent, 
single shocks were recorded. These ‘post-tetanic’ responses showed spike 
potentials up to 24 times as great as the ‘resting’ spike and large negative and. 
positive after-potentials. The enhancement lasted as long as 5 min after the 
repetitive stimulation; it was related to the number of repetitive stimuli and, 
between frequencies of 5 and 300/sec, independent of frequency. The recorded 
increase in the spike was not due to facilitation in ganglia in the nerve trunk, — 
because it could be produced equally well by ortho- and antidromic impulses. 
It was not due to recruitment of fibres under the stimulating electrodes, 
because blocking the impulses between the stimulating and recording elec- 
trodes during the repetitive stimulation abolished the effect in the nerve 
beyond the block. The remaining possibility, that an apparent enhancement 
of the spike was produced by the spikes arising from the large negative after- 
potentials in asynchronously discharging fibres, could be excluded because the 
increase in negative after-potential, produced by veratrine, caused only a small 
increase in the spike. 

Gasser & Grundfest (1938), who recorded small increases in the spike of the 
hypogastric nerve, attributed them to the long persisting second positive after- 
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potentials. This explanation fits our results, since an anodal polarization of the 
nerve, near the recording electrodes, imitates the effect of a ‘tetanic’ stimula- 
tion; conversely, a cathodal polarization removes the effect. The effect was not 
observed at 20° C, nor in nerves in vitro. 

An increase in spike during a post-tetanic, positive after-potential is known 
to facilitate central synaptic transmission (Lloyd, 1949) and probably to 
increase the liberation of acetylcholine at the skeletal neuromuscular junction 
(Hutter, 1952). Experiments are in progress to find if the increased C-fibre 
spike is similarly associated with an increased output of transmitter. 
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Pressor and depressor effects on electrical stimulation of the 
aortic nerve in cats with stimuli of different intensities and 
frequencies. By W. W. Dovetas and W. Scuaumann. National 
Institute for Medical Research, Mill Hill, London, N.W.7 4% 


Published records of electrical activity in cat buffer nerves show the presence 
of certain barosensory fibres considerably larger in size than the other baro- 
sensory and chemosensory fibres in these same nerves. There is some evidence 
that the depressor function of these nerves is mediated by the small baro- 
sensory fibres, whereas the function of the large barosensory fibres is uncertain. 
An attempt was made to detect effects on blood pressure attributable to large 
nerve fibres in the aortic nerve. 

Experiments in which stimuli of different intensities were applied to the 
central end of the left aortic nerve in urethanized and in decerebrate cats 
usually gave the following result: as the intensity of stimulation was increased 
from ineffective values, the effects that appeared were first depressor, then 
pressor, and finally again depressor. No effect on respiration accompanied the 
threshold depressor responses, but respiratory stimulant effects appeared as 
this depressor response was changing to a pressor response. If the assumption 
is made that the pressor response is due to the chemosensory fibres in the 
nerve, the results indicate that while the bulk of depressor activity is mediated 
by fibres of the same size or smaller than the chemosensory fibres, there are 
also in this nerve fibres with depressor function which are larger than the 
chemosensory fibres. 

The responses to aortic nerve stimulation were dependent not only on the 
intensity but also on the frequency of stimulation. When the intensity of 


_ stimulation was below that —e respiration, varying the frequency over 
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a wide range caused changes only in the magnitude of the depressor response. 
This response increased with increasing stimulus frequency to a maximal value 
at about 125 impulses/sec. With higher intensities of stimulation lower 
frequencies favoured the appearance of the pressor component and higher 
frequencies favoured the depressor component. With a stimulus of an intensity 
between that causing pronounced depressor effects and that causing pronounced 
pressor effects, the blood pressure response could be made purely pressor by 
lowering the frequency of stimulation, and purely depressor by raising the 
frequency. In its response to different frequencies of stimulation, the cat 
aortic nerve thus differs from somatic nerves in which low frequencies of 
stimulation favour depressor responses and high frequencies pressor effects 
(Gruber, 1917; Gordon, 1943). 
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Functional hyperaemia in the submandibular salivary gland. 
By 8. M. Hinton and G. P. Lewis.* National Institute for Medical 
Research, Mill Hill, London, N.W.7 


Recently we have shown that the vasodilatation produced in the salivary 
gland by stimulation of the chorda tympani is not due to the action. 
of vasodilator nerve fibres. The evidence indicated that the activated 
gland cells released a vasodilator substance which was not acetylcholine or 
histamine, 
From present experiments we conclude that chorda stimulation does not 


duces changes in the gland cells which permit the escape into the interstitial 
fluid of an intracellular enzyme which acts upon the proteins to form a vaso- 
dilator polypeptide having the pharmacological and physico-chemical pro- 
perties of bradykinin. Saliva appears to contain the same enzyme, and its 
known vasodepressor action is attributed to formation of bradykinin in the 

circulating blood. | 
These conclusions are based principally on the following findings: (a) per- 
fusate from an activated salivary gland which exerts a vasodilator action on 
injection into the blood supplying the gland is inactive on smooth muscle 
preparations suspended in Tyrode solution, but, when incubated with plasma, 
the mixture acquires a smooth muscle stimulating effect which disappears on 
prolonged incubation; (b) the vasodilator effect also appears to be dependent 
on an interaction with plasma, since it increases when perfusate is incubated 
with plasma before injection, and decreases on prolonged incubation ; (c) both 
* Beit Memorial Research Fellow. 
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effects appear to be due to the same substance, since they decrease on pro- 
longed incubation with the same time course and disappear together; (@) saliva 
which exerts a vasodilator action when injected into the blood stream is in- 
active on smooth muscle preparations suspended in Tyrode solution, but when 
incubated with plasma, the mixture acquires a smooth muscle stimulating 
effect; (e) on prolonged incubation of saliva with plasma, both effects diminish 
and disappear together; (/) a powder, prepared by alcoholic extraction of an 
incubated mixture of saliva and plasma has the  seegrimcacaa tie and physico- 
chemical properties of bradykinin. 

The sequence of events responsible for vasodilatation in the salivary gland 


_on chorda stimulation may be a basic mechanism for adjustment of local blood 


flow to local needs, in physiological and pathological conditions. Escape of 
intracellular enzymes, which produce a vasodilator substance from proteins of 


the interstitial fluid, may occur in many tissues, including skeletal muscle, 


and not only as a result of activation but perhaps of injury also. 


Local Bs Pa shortening by intracellularly applied calcium. 
By R. NigpEerGERKE. Physiological Laboratory, Cambridge 


Heilbrunn & Wiercinski (1947) observed protoplasmatic clotting and hitinine 
after injecting Ca solutions into muscle fibres, This experiment has been 
repeated on living isolated fibres, Cat*+ being applied intracellularly from a 
micropipette by electrolytic transport. Some experiments (e.g. Fig. 1) were 
made with Huxley’s (1954) interference microscope which gave more con- 
vincing pictures than a conventional light microscope. 

_ Electrodes filled with pure CaCl, ‘occluded’ soon after impalement. How- 
ever, a mixture of CaCl, and KCl (100 mm each) proved satisfactory. A positive 
current pulse of 1-2 x 10-* A and a few seconds’ duration—moving cations from 
the pipette into the fibre—causes shortening of one or a few myofibrils in the 


- Immediate neighbourhood of the electrode tip, the speed of shortening de- 


pending on current strength. As soon as the current is switched off shortening 
ceases and lengthening occurs. A part of the shortening seems to be irreversible 
or at least its relaxation is very slow. Longer currents (>5-10 sec) cause 
formation of a clot around the electrode tip of higher optical density than the 
uncontracted parts of the fibre. In control experiments with electrodes con- 
taining 200 mm KCl, or mixtures of KC] and MgCl, (100 mm each) no shortening 
was obtained. 


The observed local contraction and partial relaxation suggest that Ca-ions 


activate, perhaps specifically, a link of the contractile cycle rather than induce 


an ordinary clotting of proteins. On the other hand, this experiment provides 
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little support for the hypothesis (Sandow, 1952) that release of Ca++ from the 
membrane during excitation is sufficient by itself to activate muscle contrac- 
tion, as @ spread of activity across the fibre has never been observed. 


Fig. 1. Part of musele fibre photographed a few seconds after intracellular application of Ca at 
place indicated by arrow. Fibre was stretched to approx. 120% of its resting length. I-bands 
dark. Edge of fibre is out of focus. Further information in Huxley & Niedergerke (1954). 
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The respiratory movements of the larynx. By B. L. ANDREW 


Hypothalamic injections and ovulation in the rabbit. By B. T. 
Doyovan* and G. W. Harris. Departmentof Neuroendocrinology, Institute 
of Psychiatry, Maudsley Hospital, Denmark Hill, S.E.5 : 

Since adrenaline solutions injected into the exposed pituitary gland of the 

rabbit have been found to cause ovulation (Markee, Sawyer & Hollinshead, 

1948), presumably by release of luteinizing hormone, it has been suggested 

\ * Beit Memorial Research Fellow. 
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that an adrenergic agent carried from the hypothalamus to the pituitary gland 
in the hypophysial portal vessels formed a final humorally transmitted link in 
the reflex chain producing ovulation after coitus in this species. In order to 
test this hypothesis adrenaline and noradrenaline bitartrate in various dosages 
have been injected into the primary plexus of the portal vessels of adult female 
rabbits, under chloralose and urethane anaesthesia, by a stereotaxic technique 
and the ovaries examined 36-48 hr after injection. The solutions were con- 
tained in an Agla micrometer syringe the needle of which was inserted through 
the midline structures to reach the median eminence and pituitary stalk and 
were injected at the rate of 0-0002 ml./min. It was found that whilst ovulation 
was frequently produced by solutions of adrenaline and noradrenaline bitar- 
trate (i.e. in seven of sixteen rabbits given 120 wg adrenaline bitartrate) this 
property seemed to reside in the acidity of the solution injected rather than in 
the content of adrenergic substance. Adjustment of the pH of the solution to 
neutrality by thé addition of sodium bicarbonate greatly diminished the number 
__ of positive responses even when the quantity of amine injected was increased 
to allow for an enhanced rate of decomposition. Only one of eight rabbits 
given 150 ug of adrenaline bitartrate in solution made neutral ovulated. As an 
adrenergic effect: would not be expected to disappear upon change of pH, the 
evidence from these experiments does not support the view that an adrenergic 


agent is concerned in the transrission of stimuli from the hypothalamus to 


the anterior pituitary gland for luteinizing hormone release in the rabbit. 


REFERENCE 
Markee, J. E., Sawyer, ©. H. & Hollinshead, W. H. (1948). Recent Progr. Hormone Res. 2, 117. 


A comparison between the responses of the tibialis anterior and 
the soleus muscles in the cat to adrenaline, noradrenaline 
and isoprenaline. By W.C. Bowman and Zaimis. Depart- 
ment of Pharmacology, School of Pharmacy and Department of Pharmaco- 
logy, Royal Free Hosyital School of Medicine, London : 

The maximum twitch tension of some skeletal muscles is increased by 

adrenaline, noradrenaline and isoprenaline, and the conclusion has been drawn 

that this would be the response of all skeletal muscles to these sympatho- 
mimetic amines. Experiments carried out on the soleus muscle of the cat prove 
that such a generalization cannot be made, as the same sympathomimetic 
amines always decrease the maximal twitch tension of this muscle. 

The maximum twitch tensions to indirect stimulation of the tibialis anterior 


_ and soleus muscles in cats under chloralose anaesthesia have been recorded 


simultaneously. Doses of adrenaline, noradrenaline and isoprenaline sufficient 
to produce an increase of the maximal twitch tension in the unfatigued tibialis 
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muscle, cause only a marked decrease of the maximal twitch tension in the _ 
soleus muscle. This effect on the soleus muscle can be obtained with intravenous 
doses of adrenaline and isoprenaline as low as 0-5 yg per kg or with intra- 
arterial doses of 0-1 »g. Such doses have no apparent effect on the unfatigued 
tibialis anterior muscle. Noradrenaline is approximately twenty times less 
potent. This decrease of the maximal twitch tension is independent of circu- 
latory changes and also occurs in the directly stimulated curarized muscle. 

The records of the isometric soleus twitch show that the decrease in tension 
is associated with a shortening of the relaxation time. As was expected from 
this result, under the influence of adrenaline, noradrenaline and isoprenaline, 
higher stimulation frequencies are required to produce a fused tetanus. These 
drugs do not affect the maximal tetanic tension of the soleus muscle. 

The possible significance of these results in the physiology of muscle con- 
traction will be discussed. In certain other respects, such as the anti-curare 
_ action of adrenaline and noradrenaline and their action in potentiating the 
effect of neostigmine, both the tibialis anterior muscle and the soleus muscle 
are alike in their reaction. 
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Effect of protein-free diet on total body collagen. By Margaret 
L. R. R. D. Harkness and D. W. James. Departments of 
Phystology and Anatomy, University College London 


Although it has been established (Addis, Poo & Lew, 1936) that different 
tissues lose weight to different extents in starvation, we can find no reference 
in the literature to the participation of collagen in the weight loss following 
_ either starvation or protein depletion. This point is of interest, since although 
collagen has been found in isotope experiments to be relatively inert (Neu- 
berger, Perrone & Slack, 1951; Neuberger & Slack, 1953), it yet may in some 
circumstances rapidly disappear (Morrione, 1949; Slack, 1954; Harkness & 
Harkness, 1954). 

We have investigated the effect on total body collagen of feeding a protein- 
free diet to mice. Collagen was extracted with hot 0-3 m-trichloroacetic acid 
and estimated from the hydroxyproline content of the extract (Neuman & 
Logan, 1950). Nitrogen in the residual protein was also estimated. A group 
of twenty adult mice was split by reference to a table of random numbers into 
two groups of ten, one of which was killed and examined at once while the 
other was given a protein-free diet (83% sucrose, 12% arachis oil, 5% salt 
mixture, and vitamin supplement) for 17 days. The second group lost about 
45°, of their initial weight and contained 37% less residual protein nitrogen, 
_ and 13% less collagen than the control group. All these ees were 
significant (P < 0-02, test). 
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It appears that collagen is broken down in protein deficiency, though to a 
less extent. than other proteins. These results suggest that the metabolic 
inertia found in isotopic experiments is facultative, and may depend to some 
- extent on the maintenance of an even metabolic status. They also suggest the 
need for caution in interpreting changes in collagen under conditions causing 
severe loss of body weight (e.g. cortisone treatment, Aterman, 1954). 

We are grateful to the Nuffield Foundation for a grant for this work. 
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Effect of hormones on the collagen content of the rat’s uterus. 
By Marcarer L. R. Harxness, R. D. Harkness and Brenpa E. 
MoratEz. Department of Physiology, University College London, Gower 
Street, W.C. 1 


In view of the remarkably rapid growth of collagen in the uterus of the rat in 
pregnancy (Harkness & Harkness, 1954), it seemed of interest to investigate 


the effect of hormones on the collagen content of this organ. Collagen was 


estimated by the method of Neuman & Logan (1950). As a preliminary we 
investigated changes in the collagen content of the uterus during the oestrous 
_eycle and found them not significant. We then investigated the effect of 
oestrone and progesterone individually and in combination on the uterus of 
spayed rats. Oestrone (20 yg/day) caused rapid general growth of the uterus 
in weight and in protein N, but relatively little increase in collagen. The effect 
was investigated up to 4 days after the start of treatment. Oestrone (20 yg/ 
day) plus progesterone (0-5 mg/day) was examined in the same way and gave 
similar results. Animals were then treated for 7 days with all combinations of 
5, 20, 80 wg oestrone per day and 0-25, 0-5 and 2-0 mg/day of progesterone and 
examined on the 8th day. The effect on collagen content was again small com- 
pared with the general effect. The effects, both general and on collagen, were 
predominantly correlated with the dose of oestrone. Progesterone alone had 
some action, but hardly modified the action of oestrone when the two were 
given in combination. 

The relation of increase of collagen to general growth in the spayed teas 
under the above hormonal treatment is unlike that found in the uterus during 
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pregnancy, but rather resembles that found in liver regenerating after partial 
hepatectomy (Harkness, 1952) and in the thyroid under thiouracil treatment 
(Harkness, Harkness & Santler, 1954). It would seem that other factors must 
be important in stimulating collagen formation during pregnancy. 

We are grateful to the Nuffield Foundation for a grant for this work. - 
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The effect of quinine on skeletal muscle. By W. Laisa’ an 


J. M. Rrronre. National Institute for Medical Research, Mill Hill, 
London, N.W.7 


_ Cats were decerebrated, spinalized, or anaesthetized with chloralose. The 
tibialis anterior muscles were connected to a rigid isometric recorder and 


Maximum tetanic tension (kg) 


l J 


| 
Frequency of stimulation (shocks/sec) 
Fig. 1 Fig. 2 


Fig. 1. Record of twitch to nerve stimulation of cat’s tibialis anterior before and 6 min after 
(broken line) 15 mg quinine. Time: 3-3 msec. 


Fig. 2. Relation between maximum tetanic tension and frequency of indirect stimulation before 
and after (broken line) 7-5 mg quinine. Tetani: 1 sec duration at 2 min intervals. 


stimulated indirectly or directly. Quinine hydrochloride (0-5-1-5 ml. of a1% 
(w/v) solution) was injected into the external iliac artery. This caused an 
increase in both maximum tension and contraction time of the twitch (Fig. 1); 
a similar observation was made by Harvey (1939) and Ravin (1940). Quinine 

had the same effect on the isolated frog’s sartorius. 
It was previously shown (Ritchie, 1954) that drugs which change the shape 
of the isometric myogram do so mainly by affecting the time course of the 
active state. Quinine also was found to have such an action on frog’s muscle. 
_* World Health Organization Fellow. 
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In a typical experiment on a sartorius at 0° C, quinine in concentrations of 
4x 10-5 and 8 x 10-5 w/v increased the duration of the active state by about 
10 and 30% respectively. This change accounts for the increases in twitch 
tension and contraction time observed in this muscle. We believe that the 
effects of quinine on the cat’s muscle can be similarly explained. 

An increased duration of the active state should reduce the fusion frequency 
and affect the curve relating the maximum tetanic tension and frequency of 
stimulation. Both effects have been observed in cat’s muscle. As in the experi- 
ment shown in Fig. 2, the curve relating maximum tetanic tension to frequency 
of stimulation is shifted to the left after quinine. 


REFERENCES 
Harvey, A. M. (1939). J. Physiol. 95, 45-67. 
Ravin, A. (1940). Amer. J. Physiol. 131, 228-239. 
Ritchie, J. M. (1954). J. Physiol. 126, 155-168. 


The effect of occlusion of both carotid arteries on the renal 


excretion of sodium chloride. By W. J. O’Connor 


Daily energy expenditure patterns in young men. By O. G. EpHoitm 
and J. G. Fretcner. Division of Human Physiology, National Institute 
for Medical Research, London 


There is much detailed knowledge of human nutritional requirements and of 
individual food consumption, and considerable information concerning the 
energy expenditure on particular activities. Figures for the total daily energy 
expenditure are scanty, since it is difficult to measure oxygen consumption 
continuously without altering normal activity. 

In two surveys of the nutrition of active men, aged 184-20, daily calorie 
output has been computed for periods of 1-2 weeks. Determinations of oxygen 
consumption were made during short periods of selected tasks, but the surveys 
were based on a detailed diary kept by the subjects and a time study by a team 
of observers. The results show that for men of similar age and height, there is 
a considerable and systematic variation in the metabolic cost of light activities. 
In twelve subjects the ranges of calorie output for lying, sitting and standing 
were respectively 36-59, 38-65, 41-70 kcal/m?/hr. Individual subjects had 
systematically high, intermediate or low-energy expenditure in all three 
postures, the mean range for individuals being only 11 kcal/m*/hr between the 
three conditions. These results indicate a difficulty in compiling and using 
tables of metabolic costs for computing individual energy consumption. These 

particular activities are of the utmost importance in any calculation of total 
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daily energy expenditure. Even active young men spend much of their time 
in sedentary occupations, the figures for eighty-nine subjects who were studied 
being 35% lying (including sleep), 34% sitting and 5% standing. These figures, 
especially when compared with ssa * other surveys, imply that man is now 
a sedentary animal. i 


Comparison between daily energy expenditure and dietary intal 
inman. By 0. G. Epxoum, J. G. Fueroner, R. A. McCance and 
M. Wippowson. Division of Human Physiology, National Institute for 
Medical Research, London, and Department of Experimental Medicine, 
Cambridge 

The balance between intake and output is achieved rapidly in rats and mice 

(McCance, 1953), usually within 24 hr. In man there is evidence that calorie 

balance may frequently only be accomplished over a period of many days or 

weeks. 

Measurements have been made of the energy expenditure and dietary intake 
of twelve young male adults leading active student lives. The average daily 
intake of the whole group for 14 consecutive days was virtually identical with 
the average daily expenditure (3,432 and 3,416 kcal respectively). However, the 
majority of individuals were out of balance over the period by up to 13,000 kcal. 

On any single day very considerable differences between intake and output 
were usual, and on one particular occasion when the output was very high, the © 
food consumed was the least recorded. When daily expenditure was plotted - 
against dietary intake for the same day scatter was maximal. The results 
showed that the best correlation was between the dietary intake and the energy 
expenditure 2 days earlier. i 

The results support those of others on the lack of daily calorie balance and 
illustrate the possible difficulties of interpreting short term dietary and energy 


surveys in man. 
REFERENCE 


McCance, R. A. (1953). Lancet, 265, 685, 739. 


The partitioning of coronary flow: the coronary sinus fraction. 
By G. R. Granam. Department of Physiology, Middlesex Hospital Medical 
School* 


A method has previously been described for the continuous and simultaneous 
measurement of total coronary flow and cardiac output in anaesthetized dogs 


* Most of the experimental work was carried out in the Department of Medicine, Northwestern 
University School of Medicine, and the expenses were defrayed by a grant from the American 
Heart Association. 
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(Rodbard, Graham & Williams, 1954). This was employed to determine the 
percentage of cardiac output which returns through the coronary vascular bed 
(Graham & Williams, 1952). With the other connexions previously used, and 
an additional cannula inserted into the coronary sinus via the right atrial 
appendage, it has been possible to measure coronary sinus flow simultaneously 
with the remaining fraction of coronary flow and cardiac output. 

It was found that coronary sinus flow, expressed as percentage of total 
coronary flow, did not remain constant at various values for blood pressure 
and venous return, but ranged from about 40 to 80%. These preliminary 
results suggest that the calculation of total coronary flow from coronary sinus 
flow by means of an assumed fixed percentage value is not justified. 


REFERENCES 


Graham, G. R. & Williams, F. (1952). Fed. Proc. 11, 57. 
Rodbard, S., Graham, G. R. & Williams, F. (1954). J. appl. Physiol. 6, 311. 


Autogenetic inhibitory impulses from human muscle. By A. J. 
Buiter and A. C. Dornuorst. Department of Medicine, St Thomas’s 
Hospital, London 


Experiments have been undertaken on normal human subjects to re-examine 


the response to a second percutaneous electrical stimulus following the elicita- 
tion of an H reflex (Magladery, Teasdall, Park & Porter, 1951). In all the 
experiments to be described the subject lay prone, completely relaxed, with 
the knee of the leg to be examined passively extended and a pressure of 6 kg 
applied to the sole of the foot. Two percutaneous electrical stimuli, separated 
by a variable interval, were applied to the median popliteal nerve and adjusted 
in strength to elicit only a reflex response. The electromyogram of the gastro- 
cnemius group of muscles and the mechanical movement of the foot were 
simultaneously recorded. With these conditions it was found that there was 
a diminution in the size of the second response for periods of up to 7 sec after 
the conditioning volley, with a sudden depression at approximately 0-3 sec. 
This depression was always related to the falling phase of the first mechanical 
response. A clinically complete block of the lateral popliteal nerve left the 
responses unaltered. Cutaneous anaesthesia under the stimulating electrodes 
also failed to alter the shape of the recovery curve, as did the application 
of a conditioning mechanically induced ankle jerk followed by a test shock 
to the median popliteal nerve. The sudden depression of the recovery curve 
was abolished by the procedure of Jendrassik’s reinforcement between the 
conditioning and test shocks. 
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_ These results, together with other evidence, lend support to the hypothesis 
that some sensory end-organs lying ‘in parallel’ with the muscle fibres are 
giving rise to autogenetic inhibitory impulses wate stretched. 


REFERENCE 


Magladery, J. W., Teasdall, R. D., Park, A. M. & Porter, W. E. (1951). Johns Hopk. Hosp. Bull. 
88, 520. 


Potential oscillations in the olfactory organ. By E. D. Aprian. 
Physiological Laboratory, Cambridge : 

Stimulation of the nose by a strong smell gives a characteristic mobeinl 
oscillation in the olfactory bulb at each inspiration, a group of sinusoidal waves 
with a frequency of 30-50 a sec (rabbit). It appeared (Adrian, 1950) that the 
waves were developed by synchronized activity in the dendritic region of the 
bulb, but recent evidence suggested a more peripheral origin (Adrian 1954). 
This has now been confirmed. 
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Fig. 1. Waves from organ stimulated with amylacetate. 
Time marker gives intervals of 0-25 sec. 


With electrodes in contact with the olfactory epithelium the characteristic 
potential oscillation appears when the receptor surface is stimulated by a 
current of air containing odorous molecules. The wave pattern has all the 
features of that appearing in the bulb; in the rabbit under urethane the 
frequency has ranged from 60 to 30 a sec with a potential swing of 0-05-0-1 mV 
(Fig. 1). The contour of the waves is so smooth that they might be mistaken 
for artifacts from the a.c. supply. 

The potentials might be generated in the receptors or in the non-medullated — 
axons which they send to the bulb, but the waves can be picked up when the 
electrodes are placed opposite one another on either side of the membrane, and 
with this arrangement the origin of the potentials is more likely to be in the 
receptor cells than in axons running at right angles to them. 

It is interesting to find such a regular potential oscillation in a sheet of 
receptors which are supposed to be without nervous connexions with one 
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another. It suggests the possibility of interaction at the receptor level in other 
sense organs, particularly in the eye. 


REFERENCES 
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The effect of a short period of scrotal insulation on the semen of | 


the ram. By T. D. Giover. A.R.C. Unit . Reproductive Physiology 
and Biochemistry, Cambridge 


Characteristic seminal degeneration in rams produced as a result of scrotal 
insulation was first shown by Phillips & McKenzie (1934). Others, like Gunn, 
Sanders & Granger (1942), found that these changes were not apparent in the 
semen unless the scrotum had been insulated for at least 5 days. 

In the present work experiments on six rams involving a 5° C elevation of 
testicular temperature by scrotal insulation for a single 24 hr period resulted 
in the sudden appearance in the semen of tailless spermatozoa 17-24 days after 
treatment. 

The delay in the onset of seminal changes would suggest that damage to the 
spermatozoa occurs either during spermatogenesis or sperm migration rather 
than in the cauda epididymis. Only one ram out of the six, however, showed 
a significant oligospermia, and thus it would seem that severe inhibition of 
spermatogenesis does not always occur with acute scrotal insulation. 

Variation in susceptibility of individuals to this treatment has been noted. 
Romney Marsh rams which normally had abundant wool on the scrotum 
appeared more resistant than the Suffolk rams whose scrota were devoid of 
wool. 

_ The experiments suggest that the testis may be more susceptible to inter- 
ference with its normal thermo-regulation than has been hitherto believed. 
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Acceleration by 5-hydroxytryptamine of haemolysis in hypotonic 
solutions. By V.R. Pickies. Department of Physiology, Medical School, 
King’s College, Newcastle upon Tyne 

Evidence has been given that 5-hydroxytryptamine increases the permeability 

of beetroot cell membranes to the water-soluble pigment in the vacuoles 

(Pickles, 1955; Pickles & Sutcliffe, 1955). The working hypothesis that 
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5-hydroxytryptamine increases the permeability of cell membranes in general 
to water and/or water-soluble substances is being tested on human erythrocytes 
during lysis by hypotonic saline solutions. 

The final extent of haemolysis on long exposure to a hypotonic solution is 
likely to depend on other factors than the simple permeability of the cell 
membrane, but the proportionate speed with which this degree of haemolysis 


_ is reached may reflect the permeability of the membrane to water. Fig. 1 


illustrates the effect of 5-hydroxytryptamine (100 pg/ml.) on the time course 
of haemolysis in a solution isotonic with 0-44°% NaCl. 


7H. 


Extent of haemolysis (%) 


10 20 30 40 50 60 
Duration of haemolysis (sec) 


Fig. 1. Haemolysis in a buffered NaCl solution isotonic with 0-44% NaCl was stopped after 10, 


20, ..., 60sec by rapid addition of hypertonic saline. A—A, in presence of 5-hydroxytrypt- 
amine 100 yg/ml., in the form of the creatinine sulphate; @—@, equivalent creatinine only. 


Six such experiments showed that the fraction completed by 20 sec (0-30- 
0-61) of the final degree of haemolysis in each case (40-80%) was significantly 


increased by a mean of 13%, by the addition of 100 g/ml. of 5-hydroxytrypt- 


amine to the system. When more hypotonic solutions were used, causing 
almost complete haemolysis, the fraction completed by 20 sec was greater, 
and was less affected by the addition of 5-hydroxytryptamine. 
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| Cardiac function in rats exposed to high oxygen pressures. By 


D. W. Taytor 
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The effect of SKF.525 (®§-diethylaminoethyl diphenylpropy]l- 
acetate) on the duration of action of synthetic and natural 
oestrogens. By I. E. Evans and J. M. Rosson 


A pitch defect associated with local loss of sensitivity. By 
PriscitLa H. STRANGE 


The density of rhodopsin in the human retina. By W. A. H. Rusuton 
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A histological study of the structure and organization of the 


rumen epithelium of sheep. By Marsoriz J. Dosson. Rowett 
Research Institute, Bucksburn, Aberdeenshire 


The rumen epithelium was found to be a papillated non-glandular stratified 
squamous epithelium composed of fairly uniform thin layers of cells similar to 
those found m skin as described by Trautman & Fiebiger (1952). Examina- 
tion of the epithelium stripped of its keratinized layer after injection of the 
arterial system with Indian ink m vivo, shows that the papillae are highly 


-yascular, 


The basal cells of the Malpighian layer are generally columnar and closely 
associated with the blood and lymph capillaries in the papillary body. Cells 
similar to the prickle cells in skin are found in the stratum granulosum which 
is generally 2-5 cells thick. The stratum lucidum is conspicuous in many but 
not all preparations. Separating this layer from the rimen contents is a variable 
layer of swollen keratinized cells. 

Mitochondria are numerous in the cells of the ramen epithelium, particularly — 
in the basal columnar cells where in some areas they are rodded. Rodded 
mitochondria are also found in the kidney tubules where active transport of 
sodium has been demonstrated. Bartley & Davies (1954) have found that 
isolated mitochondrial preparations of kidney cortex have a high turnover 
rate for “Na. A similar association may exist between the mitochondria of 
the columnar cells of the rumen epithelium and the active transport of sodium 
(Dobsorf, 1955) from the rumen to the blood. 
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Measurement of gastric potentials. By P. W. [Nearam. Buckston 
: Browne Farm, Royal College of Surgeons 


The original purpose of these experiments was to investigate the value of 
electrogastrography in the diagnosis of gastric disorders in man (Goodman, 
1942), and to find if changes in the potential differences (p.d.’s) across the 
stomach wall could be used as an accurate and rapid method of measuring 
secretory activity (Crane, Davies & Longmuir, 1948). 

The technique used was that described by Goodman (1942) with one 
electrode in the stomach and the other strapped to the upper arm, or, in the 
case of a dog, to the thigh. 

The measuring equipment, and the rationale of its choice, has already been 
described (Ingram & Richards, 1953). The electrode system consists of two 
rubber tubes, sealed by porous ceramic plugs, filled with saturated KCl and 
terminated by a calomel half-cell. Connexions from the half-cells lead into 
a specially designed electrometer unit. This unit has an input impedance of 
10% Q, with the result that variations of even 10°Q in the resistance 
of the electrode system has no effect on the measured potential or on the 
sensitivity of measurement. A continuous recording was obtained by feeding 
the output of the electrometer unit to a special Kent Multelec potentiometric 
recorder. | 

The normal pattern of distribution of gastric potentials has been investigated 
in a series of experiments on dogs. Records have been taken (1) in unanaesthe- 
tized trained animals with the electrode introduced through a Mann-Bollman 
fistula, and (2) in anaesthetized animals with the gastric electrode placed 
under direct vision from the mouth or the duodenum into different regions of 
the stomach. 

The apparatus used in these measurements will be demonstrated. Charts 
will be shown to illustrate (1) synchronous recordings, (2) the action of psychic 
stimulation on p.d., (3) that there is no association between p.d. and acid 
secretion, (4) difference between potentials measured from various areas of 
the stomach and (5) wave patterns in the dog and human stomach. 
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A technique for the introduction of intracellular electrodes. By 
J. E. Pascoz. Department of Physiology, University College London 
Efforts to insert microelectrodes into the cells of sympathetic ganglia by 
conventional methods have met with little success. Thisis probably attributable 
to the tough fibrous capsule surrounding each cell soma which bends and 
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eventually breaks the electrode pressed against it. Treatment’of the ganglion 
with hyaluronidase in the hope of separating the fibres of the capsule did not 
impair transmission, but failed to facilitate the introduction of the electrode. 
Even if this method had been successful, it could not have been employed 
in vivo. 

The following technique has shown much greater promise. Instead of 
feeding the electrode forward slowly with the micromanipulator, it is jerked 
rapidly a distance of about 20. To obtain the rapid movement, the electrode 
is mounted on a bender crystal in such a way that when a d.c. voltage is 
applied to the crystal the electrode moves in the direction of its long 
axis. 

Using this method microelectrodes have been inserted into the superior 
cervical. ganglion of the rat in vitro and in vivo. Resting potentials of from 
20 to 60 mV have been obtained, but all have shown a rapid decay. Pre- 
ganglionic stimulation produces a synaptic potential which sometimes shows 
a small superimposed spike. Attempts to facilitate these potentials in vitro 
by a preganglionic tetanus have been unsuccessful. In one experiment in vivo 
post-tetanic facilitation caused the spike to grow progressively until it equalled 
the resting potential. The rapid decay of the resting potential in a penetrated 
cell is probably due to the small size of the ganglion cell relative to the 
electrode, Ganglion cells in the rat’s superior cervical ganglion are stated not 
to exceed 39. in diameter (Ping, 1921). 


_ REFERENCE 
. Ping, C, (1921), J. comp. Neurol, 88, 281-308, 


A new stimulator using a transistor relaxation oscillator. By W. T. 
Catton and L, Motynevux. Departments of Physiology and Anaesthetics, 
The Medical School, King’s College, Newcastle upon Tyne 


The stimulator demonstrated uses a germanium triode (transistor) and a 
germanium diode, in the circuit shown (Fig. 1). The output consists of 
rectangular voltage pulses (Fig. 2) generated by the transistor working as 
a relaxation oscillator (Lo, 1952), The circuit is arranged so that the pulses 
may be either repetitive, from about 5 to 100 per sec, or single, elicited by 
hand key (S,) or external contacts, Frequency and voltage are controlled by 
simple calibrated dials, and the voltage ranges are 0-2-5 V and 0-25 V. Power 
may be supplied by a 45 V battery (not more) and the current drain is 2 
to 4mA. In class use this stimulator has proved capable of replacing 
the induction coil for all experiments on frog tissues, and being simpler to 
manipulate enables results to be obtained more quickly. It has the further 
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Fig. 1. Circuit diagram of transistor stimulator. R, =20 kQ, R,=470Q, R,=100 kQ, R,=3 kQ, 
R,=40kQ, Rg =1kQ, R, =10k0, R, =1kN, R,=9kN; VR, =500 kN, log law Py=2kQ w/w; 
C,=0-5 pF, C,=100 pF, C,=0-lwF, Cy=1yF; 7T,=—Mullard Transistor, type OC 51; 
D,=germanium diode, Mullard OAT3; 1, c and } are respectively emitter, collector and base 
electrodes of the transistor. S,=P.O. key switch, double-pole 2-way and off; 8, and S,, 
simple shorting switches, 8, a P.O. key switch and S, a press-button. Supply voltage not 
to exceed 45 V, negative earthed. 


v 


(i) (ii) 


Fig. 2. Oscillograms of the output pulse; (i) a single pulse, width approx. 0-5 msec; 
(ii) repetitive pulses at '75/sec. 
advantages of being self-contained, robust, providing a range of frequencies, 


having a linear voltage scale, and an output pulse which has the desirable 
characteristics of a rectangular wave. | 


REFERENCE 
Lo, A. W. (1952). Proc. Inst. Radio Engrs, N.Y., 40, 1581. 
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A method for recording intracellular potentials from a sympathetic 
ganglion. By J. L. Matcoim and W. L. M. Perry. From the National 
Institute for Medical Research, London 


The main difficulty in recording intracellular potentials from ganglion cells 
lies in the tough fibrous capsule which surrounds each individual cell. This 
capsule is very thick in the superior cervical ganglion of the cat and rabbit 
but is thinner in the rat. We have therefore used the rat’s superior cervical 
ganglion, isolated, decapsulated and kept in Locke’s solution with a suitable 
aeration arrangement. We have attempted to facilitate the entry of the 
microelectrode by digesting the ganglion with a mixture of trypsin and 
hyaluronidase, each at a concentration of 0-5 mg/ml. This treatment makes 
the ganglion obviously translucent and makes penetration of the ganglion 
cells with a microelectrode relatively easy. Furthermore, transmission is, 
apparently, unimpaired. 

We have often obtained resting potentials of the order of 40-85 mV from 
such penetrated ganglion cells, but in spite of the apparently intact trans- 
mission through the whole ganglion, we have never seen transmitted spikes 
- in single cells, It is of course possible that the digestion had impaired trans- 
mission in those cells which were actually impaled, i.e. those nearest the 
surface. Consequently we repeated the experiments in non-digested ganglia, 
but obtained identical results when we did succeed in penetrating cells. 
Tetanization did not cause the appearance of transmitted spikes in the cell, 
whether digested or not. Antidromic stimulation was equally ineffective i in 
this respect. 

The demonstration will show the method of digesting and recording from 
the ganglion, and, we hope, resting potentials of ganglion cells. 


The use of a roller pump for long-continued continuous infusion. 
By L. E, Bayiss. Department of Physiology, University College London 


The use of a syringe whose piston is driven at a constant rate by some suitable 
mechanism is sometimes inconvenient when large volumes of fluid are to be 
infused over long periods of time. It may be impracticable to use so large 
a syringe that it does not have to be refilled; unless the apparatus is dupli- 
cated, the infusion must then be stopped at intervals. It is an advantage, in 
such conditions, to use the well-known type of pump in which a roller, or series 
of rollers, compresses a flexible-walled tube, and travels along the tube from 
one end to the other. The pattern described by Bayliss & Miiller (1928) has 
been used successfully; when properly adjusted, the output is directly pro- 
portional to the speed of rotation, and is independent of the pressure head 

against which it is working up to at least $ atm. It is better to use PVC 
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tubing, rather than rubber as originally described; oil may then be used to 
lubricate the rollers. The pump may be conveniently driven by means of 

a governor-controlled gramophone motor. The output can then be varied 
contol over a range of some 10:1, and is sensibly independent of 
variations in the supply voltage or load on the pump; there may, however, 
be a slow drift as the motor warms up. The output may be monitored at any 
time either by measuring the rate of rotation of the pump, or better by 
measuring the rate of withdrawal of fluid from a calibrated reservoir. The 
actual output depends, of course, on the size of tubing used; this may be 
varied within limits which depend on the dimensions of the roller unit. With 


a tube of 2mm internal diameter, the output may be adjusted between 


0-8 and 8 ml./min. 
REFERENCE 
; owe & Miller, E. A. (1928). J. sci. Instrum. 5, 278-279. 


Miniature end -plate potentials in isolated mammalian muscle. 
By I. A. Boyp and A, R. Martin. Department of Biophysics, University 
College London 


The tenuissimus muscle of the cat has been selected for the Se lalimadion of 
mammalian neuromuscular transmission, using intracellular recording. The 
muscle is mounted in a Perspex bath of 60 ml. capacity containing oxygenated 
Krebs’ solution which is changed at the rate of about 100 ml./hr and kept at 
37° C by circulating warm water through a jacket from a thermostatically 
controlled reservoir. Under these conditions there is no significant decay of 
resting potentials nor development of neuromuscular block for at least 12 hr 
after dissection. Stable resting potentials, at 37° C, range from 60 to 90 mV, 
with a mean of about 75 mV. At 20° C, resting potentials are generally lower 
and tend to decay more rapidly after insertion of the microelectrode. 

Spontaneous miniature end-plate potentials similar to those observed in 
the frog (Fatt & Katz, 1952) have been found. Their amplitudes at 37° C are 
approximately the same as in frog muscle, varying around a mean of about 
0-5 mV, but their time course is somewhat shorter, rising rapidly in less than 
1 msec and declining to one-half in 1-2 msec. The discharges appear at random 
intervals. Records taken over periods of 4-5 hr show no marked fluctuations 
in frequency except an occasional slow and progressive increase or decrease. 
Also, the mean frequency is rather low, the average at 37°C being about 
2 per sec and the maximum observed rate being less than 6 per sec. 

The addition of p-tubocurarine chloride (5 x 10-7 w/v) abolishes the potentials 
as in frog muscle. Prostigmine (5 x 10-’ w/v) increases their amplitude and 
duration; higher concentrations reduce the amplitude. The frequency may 
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increase or decrease with prostigmine, a decrease usually being associated with 
high concentrations. Lowering the temperature to 20° C considerably reduces 
the frequency of the discharge (Q,, about 2). At this. temperature the time 
course of the potentials is lengthened and an increase in amplitude may also 


occur. 
REFERENCE 


Fatt, P. & Kate, B. (1952). J. Physiol. 117, 109-128. 


The preparation of capillary microelectrodes. By P. C. Catpwrit 
and A. C. Downine. Biophysics Department, University College London 


Tapered glass capillaries suitable for intracellular microelectrodes of the type 
developed by Ling & Gerard (1949) are drawn on an apparatus similar to that 
described by Alexander & Nastuk (1953). After being drawn, their tips are 
immediately immersed in 3m-KC! solution. About 0-5 mm of the tips is 
filled by capillarity within half an hour. If the immersion is delayed, very 
few tips are filled in this way. 

The filling is completed by the following method. Distilled water is intro- 
duced into the wide part of the capillaries to form a column extending from 
a point about 0-5 cm above the region in which they begin to taper to a point 
about 1-0 cm from the open end. The capillaries are then left with their tips 
immersed in 3m-KCl and water gradually distils from the column to the . 
3m-KCl inside the tips on account of the difference in vapour pressure at the 
two liquid surfaces. The tapered part of the capillaries becomes filled after 


40-60 hr. The remaining distilled water is then removed and the whole of the 


unfilled part of the capillaries filled with 3m-KCl by means of a fine pipette. 
_ Finally, the completed electrodes are immersed for several hours in 3m-KCl 
_ to allow the latter to diffuse throughout them and become fully equilibrated. 

The main advantage of this method is that a large number of electrodes of 
considerable uniformity can be easily prepared. 


REFERENCES 
Alexander, J. T, & Nastuk, W. L. (1953). Rev. sci. Instrum. 24, 528-531. — 
Ling, G. & Gerard, R. W. (1949). J. cell. comp. Physiol. 34, 383-396. 


Intracellular recording from slow muscle fibres in the tes By 
W. Burke and B, L. GinsBore 


Ionophoretic application of acetylcholine to motor end-plates. 
By J. pet CastTitto and B. Karz 
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A simple and sensitive writing lever for students’ use. By 
R. D. Harkness and C. P. Luck. Department of Physiology, University 
College London 


We have recently had difficulty in practical classes in getting satisfactory 
records from frog heart preparations owing to the small size of the animals 
available and the insensitivity of the conventional levers. The lever 
(Fig. 1) here described is much lighter and more sensitive than the 
conventional one and appears to solve the problem satisfactorily. It has 
the further advantage that, although spring loaded, systole produces an 
upward movement of the lever. 


Fig. 2. Mounting of heart lever. 


The lever is made in two parts: A (the writing lever) is made of pith (Luck, 


1952); B is made of celluloid {e.g. X-ray film) slit and notched for attachment _ 


of the thread, The slits should be narrow enough to grip the thread without 
the need of any other means of attachment. The lever so constructed is many 
times lighter than the conventional type. It is attached to a Perspex axle G 
which is pivoted in the conventional way (Fig. 2), and is spring loaded by the 
spring C (one turn of fine piano wire) the loading is adjustable by the threaded 
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knurled adjusting wheel D which is friction held by a spring washer E, the 
_ whole apparatus is mounted in a brass stirrup F. 


Our thanks are due to Mr A. Kearney for refinements of the original design. 


REFERENCE 
Luck, C, P. (1952). J. sci. Instrum. 29, 28. 


_ Fatigue in finger muscles. (Film.) by 0. C. J. Lirpotp. Department of — 


Physiology, University College London 


The voluntary electrical activity recorded from a muscle, continuously con- 
tracting at a constant tension, nearly always increases with time. This indicates 
that as the contractile system becomes fatigued more motor units are re- 
eruited and their frequency of discharge is augmented, in order to maintain 
the given tension. 
In the case of certain muscles, however, notably those subserving skilled 
movements, electrical activity under these conditions may fall (and even 
entirely disappear), although the tension exerted remains the same. The film 
shows the results of an experiment to illustrate this phenomenon in the case 
of the extensor muscle of the index finger. | 

From the results of experiments using needle electrodes, the explanation 
would appear to be that, initially the finger is raised and maintained in 
position by contraction of the extensor digitorum communis, while later the 
_ extensor indicis proprius becomes active, in place of the former muscle. 


A method for eliciting baroreceptor reflexes from the isolated 
carotid sinus. By M. pz Buren Daty. Department of Physiology, 
University College London 


Several methods have been described for eliciting baro- and chemoreceptor 
reflexes from the isolated carotid sinus (Heymans, Bouckaert & Regniers, 
_ 1933). Perfusion is carried out in most of them by means of a donor animal or 
__ by a pump-oxygenator system. When only baroreceptor reflexes are required, 
these techniques become elaborate, and in this respect the one described by 
_. Moissejeff (1927) is more convenient. This consists of isolating the carotid 
sinus from the general circulation in the form of a blind sac and subjecting it 


{  tochanges in hydrostatic pressure. Such a system is not entirely physiological, 


_ however, because the applied pressure is not pulsatile. The importance of pulse 
pressure in the reflex control of the cardiovascular system has been stressed 
_ by McCrae & Wiggers (1933) and by Ead, Green & Neil (1952). 
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The method to be described is similar to that employed by Moissejeff (1927) 
but modified in that the isolated carotid sinus is subjected to a pulsatile 
pressure which can be varied independently of the mean pressure. | 

The apparatus comprises a Dale & Schuster (1928) pump and a blood 
reservoir shown in Fig. 1. The latter is made of Perspex, 5 cm outside diameter, 
and consists of four parts: a screw-top, an upper half containing chambers 
A and B, a lower half or chamber C, and a brass holding bar. Chambers 4 
and B contain heparinized blood and are connected with each other by a tube 
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Fig. 1. The blood reservoir. 
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0-043 in. (1-05 mm) diameter. Chamber B is connected to the external carotid 
artery of the isolated carotid sinus. A steady pressure is applied to these two 
chambers by means of an air compressor and can be varied by an adjustable 
screw-clamp on the air leak by-pass. In this way variations in mean blood 
pressure in the carotid sinus can be made. 

Chambers B and C are separated by a rubber diaphragm which is clamped 
between the two halves of the Perspex reservoir by four 4 B.A. screws. 
Chamber C is filled with water and is connected to a Dale-Schuster pump. 
Fluid displaced by the pump rotating at about 120 rev/min causes rhythmic 
movements of the reservoir diaphragm and hence displacement of fluid 
between chamber B on the one hand and the carotid sinus and chamber A 
on the other. The constriction between chambers A and B provided by the 
connecting tube serves to minimize the damping effect of the air in A on the 


oa CO C8 tel 


4 I 
am 
of 
nor 
di 
a ti 
4 of 
be 
vat 
4 (0- 
no 
in 
q in 
tin 
4 i To carotid 

4 B sinus fre 

_Dale-Schuster 

4 pump 

De 


SOCIETY, 25-26 MARCH 1955 35 P 


pulse pressure in the carotid sinus; at the same time it allows replacement of 
_ blood in the carotid sinus from A should any leak inadvertently occur through 
leaving a small vessel untied. The to-and-fro motion of the blood through the 
connecting tube also helps to prevent sedimentation. 

In practice when the pressure in the carotid sinus is measured by means of 
a mercury manometer, the stroke of the pump is increased until the amplitude 
of the pulsations in the wall of the sinus is similar to that observed with 
normal circulation. More recently, the pulse pressure has been measured 

directly with an optical manometer. 

It was found that when the intrasinusal pressure was increased, there was 
a tendency for the pulse pressure to diminish. This was due to the elasticity 
of the rubber diaphragm in the Dale-Schuster pump and of the connexions 
_ between the pump and the reservoir. It was overcome by reinforcing the 
rubber diaphragm on the pump with a beryllium copper membrane, 0-004 in. 
(0-1 mm) thick, and by using copper tube for the connexions. As the stroke 
of the pump rarely exceeds 1 mm scale divisions, the metal membrane does 
not become overdistended. 

Although the reservoir is not warmed, the temperature of the carotid sinus 
in the dog remains within normal limits so long as the wound is kept closed; 
in the cat, however, it is usually necessary to irrigate the sinus region con- 
tinuously with a sodium chloride solution (0-9% , w/v) at 37° C. 

Using this technique, active cardiovascular reflexes can be regularly obtained 
from the carotid sinus baroreceptors for periods of 5 hr. 


REFERENCES 
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oA method for the continuous recording of acid gastric secretion 
in the rat. By M. N. Guosn and H. 0. Scuitp. Department of Pharma- 
cology, University College London 


The stomach of the anaesthetized rat is perfused with a solution of NaOH and 
changes of pH following the intravenous injection of drugs are recorded 
continuously, Rats are anaesthetized with a single intramuscular dose of 
urethane (0-175 g/100 g), and body temperature is maintained at 30°C by a 
rectal contact thermometer. The stomach is opened, cleared of contents, and 
_ closed by a continuous suture. The pylorus is cannulated. A solution of pre- 
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warmed n/4000-NaOH is perfused through the stomach at a constant rate 
(1-1 ml./min) by means of a polythene catheter tied into the oesophagus. The 
fluid emerging from the pylorus flows over a glass electrode which is connected 
to a direct-reading pH meter and a Fielden servograph recorder. Single 
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Fig. 1. Changes of pH following injections of histamine (H) and histamine with vasopressin (P). 
Graded responses to varying doses of both drugs. (The record was transposed from circular 
to linear co-ordinates.) 


intravenous doses of Mecholy] and histamine produce reversible changes in pH. 
Ten or more injections can be given in a single experiment. The responses are 
graded and reproducible, and can be used for the assay of stimulants and 
inhibitors of gastric secretion.. Fig. 1 shows the antagonism of histamine and 
vasopressin in this preparation. 


The activity of the lateral tail veins in a monkey. By C. P. Luck 

and P.G. Wrieut. Department of Physiology, University College London 
The two lateral tail veins of the monkey (Cercopithecus aethiops) are markedly 
muscular and contract in response to a variety of stimuli (Hongo & Luck, 
1953). The following experiments on the anaesthetized monkey were designed 
to demonstrate the details and organization of the contractions. Two or more 
plethysmographs, made to include one tail segment each, were mounted along 
the tail to give simultaneous information about the contraction process in 


separate segments. A plethysmograph enclosing each lateral half of a segment 
separately showed the relationship between the two sides. 
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Both lateral veins contract synchronously when the animal is stimulated 
by noise or pinching of the skin and also when the animal’s environmental 
temperature falls below about 35° C. A second type of contraction seems to 
involve most of each lateral vein, but inspection shows that the contraction 
is not simultaneous throughout the vein; nor is it of a peristaltic nature, as 
the sequence of contraction is not necessarily serial. This type of contraction 
is also usual at. body environmental temperatures below 35° C. A third type 
of contraction is limited to smaller regions of the tail and is unrelated in any 
obvious way to changes in adjacent regions above or below. These contractions 
are most conspicuous when the body environmental temperature is below 
_ 30° C and the tail blood flow is low. All three types. may, however, be seen 
occurring in irregular and unpredictable succession. The contractions in 
opposite halves of the same segment, although not necessarily identical, are 
- usually similar and are clearly more closely related to each other than to 
segments above or below. 

There is evidence which shows that the sympathetic nervous siteds plays 
some part in the activity of these vessels, Acute bilateral sympathectomy at 
L7 abolishes all types of contraction and increases the tail blood flow. 
Hexamethonium given intravenously in concentrations which reduce the 
systemic blood pressure to about 40 mm Hg has a similar effect at once, but 
after several minutes contractions return though the blood pressure is un- 
changed. On the other hand, recording of activity in part of the sympathetic 
nerve supply to the tail has not so far revealed any grouping of discharges 
_ which can be related to venous contractions recorded at the same time. 


REFERENCE 
Hongo, T. T. & Luck, 0. P. (1958). J. Physiol. 122, 570-581. 


_ Action petentials of ianamalion C fibres. By G. L. Brown and 
O. Hotmes 


_ A permanent venous cannula in a dog with a gastric fistula. By 
| EK. H. L. Harries 


Muscle heat production recorded on a smoked drum. By A. V. Hitt 
and J. V. HowartTH 
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Tension, work and changes in adenosine triphosphate concentra - 
tion of the isolated taenia coli of the guinea-pig. ByG. V. R. Born. 
Nuffield Institute for Medical Research, University of Oxford 


Born & Biilbring (1955) found that when isolated taenia coli of the guinea-pig 
were exposed to 2:4-dinitrophenol (DNP) in concentrations greater than 
3 to 5x10-5m the spontaneous tension of the muscle decreased and the 
concentration of adenosine triphosphate (ATP) decreased in proportion. 

The tension of the taenia can be increased by adding histamine and reaches 
a maximum within 20 sec. At this point the ATP concentration is unchanged 
and remains unchanged however long (up to 3 hr) maximal tension is main- 
tained. After 10 min in 5 x 10-°m-DNP the tension has been found to increase 


similarly when histamine is added, but then the muscle relaxes, even in the | 


presence of histamine. At peak tension the ATP concentration is unchanged. 
2-5-5 min later, when the tension has decreased to about 25°% of the initial 
maximum, the concentration of ATP is about 75% of the controls. Thus, 
there is no proportionality between the ability to maintain tension and the 
concentration of ATP. 


During the development of tension the muscles did work which amounted — 


to 3-3+0-42 x 10‘ erg/g wet weight (mean +8.z. of 10 experiments). The 
taenia contained 1-8 + 0-04 .m-ATP/g (6 experiments). If it is assumed that the 
reaction, ATP adenosine diphosphate + inorganic phosphate (AG = — 12kcal/ 
mole), provided the necessary energy in some way which was completely 
efficient, the work done would have required a decrease of 4% in the ATP 
concentration, or, if AG = — 8-9 kcal/mole (Burton, 1955), and if the process was, 
say, only 40% efficient, the ATP concentration should have decreased by 
12-5°%. No such decrease was observed. 

The breakdown of ATP might have been masked if it was resynthesized 
' while the muscle was doing work. When the concentration of ATP in taenia 
was reduced by exposing them to higher concentrations of DNP, the rate of 
resynthesis of ATP after the DNP had been removed was about 1-3°%/min. 
This rate was at least twenty times too slow to account for the constancy of the 
ATP concentration on the assumption that the work which the muscles did 
depended upon the breakdown of ATP. These results are consistent with 
those of Fleckenstein, Janke, Davies & Krebs (1954) and Mommaerts (1954). 


There is little creatine phosphate in the taenia, but the possibility of its 
breakdown is being studied. 


REFERENCES 
Born, G. V. R. & Biilbring, E. (1955). J. Physiol. 127, 626. 
Burton, K. (1955). Biochem. J. 59, 44. 


Fleckenstein, A., Janke, J., Davies, R. E. & Krebs, H. A. (1954). Nature, Lond., 174, 1081. 
Mommaerts, W. F. H. M. (1954). Nature, Lond., 174, 1083. | 
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The dependence of the inhibition of gastric secretion by acid 
in the duodenum upon vagal innervation. By C. F. Copz and 
G. Warkinson,* Section of Physiology, Mayo Foundation and Mayo 
Clinic, Rochester, Minnesota, U.S.A. 


The effect of acid placed in the duodenum on the secretion of acid from vagally 
innervated and from vagally denervated gastric pouches has been contrasted 
quantitatively in a series of dogs. Intermittent infusions of acid into the 
duodenum decisively inhibited the secretory responses of the vagally in- 
nervated pouches to the ingestion of meat and alcohol, to the injection of 
moderate amounts of histamine and to hypoglycaemia induced by injections 

of insulin. The inhibitory effect of the acid in the duodenum was lost when the 
_ pouches were deprived of their vagal nerve supply. In contrast, the response 
of both types of pouches to Urecholine (Merck, U.S.A.) was enhanced when 
acid was infused into the duodenum. The general conclusion, however, 
_ emerged from the tests that acid in the duodenum has a strong inhibitory 
influence on a large portion of the total secretory response of vagally 
innervated gastric mucosa and that this inhibitory influence is entirely lost 
if the mucosa is deprived of its vagal nerve supply. 


The influence of fluoride on the secretion of the electrolytes of 
gastric juice. By Auprey M. Bonn and J. N. Hunt 


The forces moving sodium ions through rumen epithelium. By 
A. Dosson. Rowett Research Institute, Bucksburn, Aberdeenshire 


Previous experiments have indicated that the net flux of chloride ions across 
the rumen wall can be explained by its electrochemical gradient (Dobson & 
_ Phillipson, 1954). 
The uptake of sodium from solutions placed in the isolated reticulo-rumen 
sac of anaesthetized (pentobarbitol) sheep has now been studied. Solutions 
nearly isotonic with plasma were used containing Na*, K*, Cl, (CH,;,COO)” 
and (HCO,) . The potential difference between the contents of the sac and its 
blood supply was measured, and combined with the concentration ratio of 
sodium to give an assessment of the electrochemical p.d. for the ion (Ussing, 
1949). 

In every period the movements of sodium were against its electrochemical 
p.d. In eight periods when the concentration ratio was near unity, net uptakes 
of 0:25 to 0-40 m-equiv/min were found against the electrical potential. This 


* During tenure of Rockefeller Foundation Fellowship. Present address: Department of 
_ Medicine, University of Leeds. | 


mal 
3 
= 
“i 
a 
x 
‘63 
a 


40 P PROCEEDINGS OF THE PHYSIOLOGICAL 
represents 1-0 m-equiv/min/kg wet weight of epithelium or 0-46 m-equiv/min 


for a 40 kg sheep. In five other periods the uptake is against both potential 


and concentration gradients. 
| Average Average 
rumen Electrochem. Sodium | 

sodium sodium p.d. w.r.t. flux from Flux 

Sheep concen. concn. rumen 8.D. 
no.  (m-equiv/ml.) (m-equiv/ml.) (mV) (m-equiv/min) (+m-equiv/min) 

55 0-142 0-147 0-40 0-03 

56 0-142 0-137 — 20 0-31 0-03 

0-097 0-134 -21* 0-19 0-03 

57 0-141 0-142 - 30 0-34 0-05 

, 0-072 0-149 — 62 0-08 0-04 

0-049 . 0-148 -73 0-03 0-05 

62 0-071 0-140 — 68 0-25 0-03 

0-134 0-144 — 26 0-35 0-04 

0-045 0-144 - 80 0-22 0-04 

64 0-160 0-150 -14 0-34 0-02 

0-140 0-150 ~ 29 0-29 0-02 

66 0-161 0-171 -7 0-30 0-02 

0-143 0-170 — 23 0-25 0-03 


These results show that sodium ions experience an additional force to the 
electrochemical p.d. which drives this ion into the blood. At times this force 
exceeds 80 mV. The epithelium must supply energy to perform this function 
at an average minimum rate of 0-24W/mg dry weight of tissue. 


REFERENCES 
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The effect of calcium on the sodium permeability of a giant 
nerve fibre. By B. Frankennaruser and A. L. Hopexin. The 
Nobel Institute for Neurophysiology, Stockholm, Physiological Laboratory, 
Cambridge, and The Laboratory of the M.B.A., Plymouth 


The experiments described here were carried out on squid giant axons by the 
‘voltage-clamp’ method (Hodgkin, Huxley & Katz, 1952). This gives records 
of the current through the membrane when it is suddenly depolarized and then 
held at a fixed potential difference by electronic feed-back. In previous work 
with this technique, the concentrations of sodium or potassium in the external 
fluid were varied while calcium and magnesium were kept at the concentrations 
in sea water (11 mm-Ca, 55 mm-Mg). These experiments showed that de- 
polarization causes a ‘transient rise in sodium conductance which is reversed 
if the membrane is repolarized during the period of high sodium permeability. 
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In the present work, membrane currents were recorded at different potentials 
in a squid fibre surrounded by isotonic solutions containing 4-4, 22 or 112 mm- 
Ca, together with the usual concentrations of sodium, potassium and chloride 
but with no magnesium. In order to start with the fibre in a condition of low 
sodium permeability and to ensure that the membrane was not already in 
a partially refractory condition, the cathodal pulses used to turn on the 
sodium permeability were superposed on a steady anodal polarization of 
about 50 mV. With this method we found that a reduction of calcium pro- 
duced a large and reversible increase in the sodium current associated with 
_ small depolarizations, but had relatively little effect on the large currents 
associated with depolarizations of 60-120 mV. Plots of peak sodium con- 
ductance (Gq) against membrane potential (v) showed that a fivefold reduction 
of calcium shifted the Gy,-v curve 10-15 mV along the voltage axis without 

greatly altering its shape. | 
_ The similarity between the effects of low calcium and depolarization suggests 
that changes in membrane potential may cause a rise in sodium permeability 
by removing calcium ions from the membrane. Further evidence for this 
hypothesis was obtained by studying the effect of calcium on the rate at which 
the sodium permeability is ‘shut off’ when the fibre is suddenly repolarized 
at the end of a brief cathodal pulse, of amplitude about 170 mV, superposed 
on a steady anodal polarization of 50 mV. At a temperature of 6° C and with 
the membrane hyperpolarized by 50 mV the time constant of the ‘shutting-off’ 
process was about 0-08 msec if the external solution contained 112 mm-Ca, © 
0-4 msec with 22 mm-Ca and at least 1 msec with 4-4 mm-Ca. _ 


REFERENCE 
Hodgkin, A. L., Huxley, A. F. & Katz, B. (1952). J. Physiol. 116, 424-448. 


The calcium permeability of Loligo axons. By E. Fiicxicrer and 
R. D, Keynes. Physiological Laboratory, University of Cambridge 


If isolated giant axons from Loligo are soaked in artificial sea water containing 
10-7 mm-“Ca, the isotope exchanges in two phases with the inactive calcium 
in the nerves. The initial phase (time constant around 20 min) evidently 
_ Tepresents an exchange with extracellular calcium, while the second phase 
seems to involve intracellular calcium, since its time constant is of the same 
order (12 hr or so) as that found for the extrusion into inactive sea water of 
“Ca injected into the axon by the method demonstrated to the Society by 
Hodgkin & Keynes in May 1954. By measuring the radioactivity of extruded 
axoplasm, the influx of calcium into the interior of the cell can be studied 
without interference from the relatively larger amounts of calcium in the 
sheath. In a series of eight resting axons, some cleaned from adherent small 
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fibres, and some soaked as whole nerve trunks, exposed to “Ca sea water for 
35-170 min, the calcium influx varied between 0-05 and 0-4 p.mole/cm® sec 
Even the upper end of this range is far below the figure for calcium influx 
which can be calculated from the results of Rothenberg (1950). This is probably 
because we took great care to exclude all axons showing the least signs of 
damage at the bases of cut branches; a few axons which had visible brown 
patches gave much higher influxes. There seems no doubt that the brown 
patches at branches cut too short are caused by a calcium entry, because they 


failed to appear in an axon which was deliberately maltreated, and then left 


for many hours in a calcium-free solution. 

A second group of axons was stimulated at 50 impulses/sec during the whole 
period of immersion in the “Ca sea water (20-40 min). These gave influxes 
ranging between 0-3 and 2-4 p.mole/cm? sec, the criteria for rejecting damaged 
axons being rigidly maintained. The influx into the stimulated axons was 
thus increased significantly, by about 0-015 p.mole/em? impulse: This figure 
is much smaller than the corresponding ones for sodium and potassium (Keynes, 
1951), so that even if the whole extra influx occurs during the spike (there is 
no evidence as to the exact timing), and if magnesium behaves in a similar way 
(the sea water contained 55 mm-Mg), an entry of divalent ions can account 
for only a small proportion of the total charge transferred through the mem- 
brane. However, the fact that a little extra calcium enters the axon at some 
time during activity is relevant to theories about the role . calcium in 
excitation. 

REFERENCES 
Keynes, R. D. (1951). J. Physiol. 114, 119-150. 
Rothenberg, M. A. (1950). Biochim. biophys. acta, 4, 96-114. 


The effect of unilateral carotid occlusion and of unilateral 
preganglionic cervical sympathotomy on the chloride and 
bicarbonate of the aqueous humour. By J. W. Riper. Ophthalmo- 


logical Research Unit, Medical Research Council, Institute of Ophthalmology, 
Judd Street, London, W.C.1 | 


It has been shown that relative differences in the rate of blood flow through 
the ciliary processes of the rabbit are accompanied by interocular differences 
in the concentration of ascorbate and lactate in the aqueous humour (Linnér, 
1952; Langham & Ridge, 1954; Ridge, 1955). Moreover, the same authors 
find that the lactate and ascorbate differences disappear if the plasma ascorbic 
acid concentration is maintained above the saturation level for 6 hr. A study 
has now been made of the other principal anions of the aqueous humour, 
bicarbonate and chloride. As in the previous work the relative differences in 
blood flow were brought about by unilateral common carotid occlusion or by 
acute unilateral preganglionic cervical sympathotomy. 
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_ The chloride concentration was entirely unaffected by either procedure; the 

ratio of the chloride concentrations in the two eyes was 1-00 + 0-005 (13) in 
normal animals, 1-00 + 0-005 (14) after carotid occlusion and 1-00 + 0-004 (15) 
after sympathotomy. 

The bicarbonate concentration, however, showed significant changes, In 
normal animals the ratio between the eyes was 1-00+0-014 (10). After 
unilateral carotid occlusion the ratio of the bicarbonate concentration in the 
aqueous of the homolateral eye to that in the contralateral eye rose to 
1-07 + 0-02 (12). After unilateral preganglionic cervical sympathotomy the 
same ratio fell to 0:96 + 0-013 (13). In the case of bicarbonate, saturation with 
ascorbic acid had no effect, the corresponding ratios being 1-06 + 0-03 (14) and 
0-94 + 0-015 (12). | 

The experiments on lactate (Langham & Ridge, 1954; Ridge, 1955) were 
undertaken to ascertain whether unilateral carotid occlusion or unilateral 
preganglionic cervical sympathotomy give rise to interocular differences in 
the rate of flow of aqueous humour. It was concluded, however, that such 
changes are unlikely (Ridge, 1955) and that the lactate results might be 
explained on the basis of differences between the eyes in the rate of loss of 
lactate from the aqueous by diffusion, such diffusion taking place across the 
‘iris capillary endothelium. The present results tend to confirm this conclusion. 


. REFERENCES 


- Langham, M. E. & Ridge, J. W. (1954). J. Physiol. 124, 26-27. 
Linnér, EB. (1952). Acta physiol. scand. 26, 58. 
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The effect of aerobic metabolism on the movement of water and 

_sodium in the rabbit cornea. By M. E. Lanenam. Ophthalmological 
Research Unit, Medical Research Council, Institute of Ophthalmology, 
London, W.C.1 


It is generally recognized that the transparency and hydration of the mam- 
malian cornea are dependent on osmotic forces acting across its limiting 
membranes; further evidence is accruing that corneal metabolism plays an 
active part in the maintenance of these forces. 

The effect of aerobic and anaerobic metabolism on the swelling of the cornea 


has been studied in pairs of freshly excised rabbit eyes. The corneal thickness 


of eyes placed in 40 ml. of Krebs—Ringer phosphate (pH 7-4) kept at 37-5° C 
with O, or N, bubbled through was as follows: 


Group 1 N, (mm) 0-41+0-01 0-47+0-01 0-54+40-01 
Group 2 O, (mm) 0-4140-01 0-43 40-01 0-44+0-01 
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At the end of 5 hr the mean wet weight of corneae in group 1 was 122 mg, in 
group 2 100-5 mg, and in eyes from the same rabbit, corneae in 0, had a mean 
wet weight 21-17 + 2:14 mg less than those in Ng. 

Cooling of the Krebs-Ringer phosphate to 4° C resulted in an increased 
thickness, hydration and sodium content of the cornea. These changes could, 
however, be partially reversed by restoring the medium to 37:5° C and passing 
O,. The following results were recorded on eyes kept at 375° C for 2-5 hr after 
16 hr at 4° C: 


Oxygen Nitrogen 
Time (hr)... 25 
Thickness(mm)  (0:6340-01 0584002 0-59+40-01 0-58-40-01 
Hydration (%) 83-9 4021 82-0 40-25 886 40-51 84-0 40-25 
Wet wt. (mg) 130-9 +688 1149 +665 1329 +862 184-9 48-10 


Na m-equiv/kg H,O 1624 41-15 1631 41-94 1595 +31 1681 42-25 


In O, there’was a decrease of 15-96 + 0-45 mg in corneae taken from the same 
animal over the period of 2-5 hr. No recovery was observed under anaerobic 
conditions. The recovery in O, continued past the 24 hr period, while under 
anaerobic conditions there was a steady increase in hydration, thickness and 
sodium content of the cornea. The extent of these changes is suggested by the 
corneal thickness of eyes treated similarly and kept for 8 hr at 37-5° C. 


Time (hr)... 0 2-5 5-0 8-0 
Group 1 (N,) (mm) 0-624.0-01 0-63 40-02 0:7140-01 0-82 0-02 


Group 2 (0,) (mm) 0-6140-01 052 +.0-02 0-49 +.0-02 0-48 +0-01 


Electrolyte excretion in human subjects living on a 22 hr day. By 
P. R, Lewis and Mary C. Lopsan. Physiological Laboratory, University 
_ of Cambridge 


The persistence of a 24 hr pattern of diuresis in human subjects during a 
prolonged period of life on a 22 hr day has already been reported (Lewis & 
Lobban, 1954). It is known that the excretion of sodium and potassium also 
shows a well-marked diurnal rhythm (Stanbury & Thomson, 1951), and urine 
samples collected during the 8-week period of the experiment which provided 
the data for the investigation of the diuresis pattern have therefore been 
analysed for these two constituents. 

The normal diurnal pattern of electrolyte excretion is characterized by a low 
rate of excretion during the hours of rest, rising to much higher values during 
the hours of wakefulness and activity; i.e. the pattern for sodium and potassium 
closely resembles that produced by the variations in urine flow during the 
24 hr of a normal day. This pattern is much more consistent for potassium 
than for sodium, the latter being subject to wide fluctuations, even in subjects 
living under rigidly controlled laboratory conditions. Of the eight subjects 
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investigated, only one showed a pattern of potassium excretion closely re- 
lated to environmental time throughout the period of life on a 22 hr day. 
Indications of the persistence of a 24 hr rhythm of potassium excretion were 
present in all the other subjects, and were particularly well marked in one, 
although the subject who had shown the most consistent persistence of a 
24 hr pattern of diuresis tended to become arhythmic. One other subject was 
of particular interest, in that he showed a progressive improvement in 
adaptation (as shown by the pattern of potassium excretion) throughout the 
first two cycles of the experiment. 

The results for sodium excretion are less clear-cut, in that the rate of sodium 
excretion would appear to be often more closely related to the rhythm of water 
excretion rather than to any rhythm of its own. 
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Changes in structure and function of the liver as a result of 
hypothermia combined with occlusion of both venae cavae. By 
K. G. Brewin, R. P. Goutp, F. 8. Nasnat and BE. New. The Department 
of Physiology, Middlesex Hospital Medical School, and Department of 
Thoracic Surgery, Guy's Hospital, London 


In dogs anaesthetized with thiopentone and cooled by the hialisicntinielonns 
_ blood-stream method, acid-base equilibrium studies have revealed a develop- 
ment of metabolic acidosis in the late stages of hypothermia and the rewarm- 
__ ing period (Brewin & Neil, 1954). This is much more marked in animals sub- 
jected to thoracotomy and 10 min circulatory arrest by clamping the venae 
- cavae (‘operated animals’) as practised by the cardiac surgeons. 

Histological examination of the liver after these procedures has revealed 
a fairly normal picture in animals which have been merely cooled and re- 
warmed, but a grossly abnormal appearance in animals subjected to thora- 
cotomy and circulatory arrest. In the ‘operated animals’ the liver showed 


_ obvious centro-lobular congestion and early necrosis with pycnotic nuclei. 


Galactose tolerance curves have been determined in animals before and after 
cooling and following rewarming to 37°C. Such studies reveal that after 
cooling alone the galactose tolerance though considerably reduced at 26° C 
returns very nearly to normal on rewarming to 37°C. However, in the 
_ ‘operated animals’ the galactose tolerance on rewarming remains profoundly 
_ reduced. There appears good correlation between the histological appearance 
a of the liver and evidence of its function furnished by the galactose test. 
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Measurement of pressure recorded by a catheter whose tip lies adjacent to 
the hepatic venous orifice has revealed a rise of venous pressure of 18-20 cm 
H,O during circulatory arrest. The liver is therefore subjected to intense 
congestion and profound anoxia during circulatory arrest. 


We have studied the effect of siphoning off venous blood from the inferior 


vena cava, during the period of circulatory arrest in amounts sufficient to 
prevent a rise of caval pressure. This entails the withdrawal of 250-400 ml. 
(4-4 of the blood volume); on releasing the caval clamps this blood was 
restored to the circulation. In such experiments we have found on rewarming 
a marked improvement of galactose tolerance and a marked reduction of 
metabolic acidosis. Histology of the liver reveals a picture indistinguishable 
from that of the normal. 
REFERENCE 
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Measurement of pulmonary ventilation as an index of energy 
expenditure during field surveys. By J. V. G. A. Durnin and 
R. G. Epwarps. Institute of Physiology, University of Glasgow, and Umit 
for Research on Climate and Working Efficiency, Medical Research Council 
University of Oxford | 
From Boothby (1915) and from Means & Newburgh (1915) to Grodins (1950) 
many references have been made to the linear relationship between pulmonary 
ventilation and oxygen consumption. If, over a considerable range of human 
activity, it is possible to predict energy expenditure by measurement of 
ventilation alone, then field surveys can be considerably simplified by reduc- 
tion of laboratory work; elimination of most of the tedious gas analyses would 
allow more subjects to be investigated and more results to be obtained on 
each. When the relationship between ventilation and energy expenditure has 
been established by gas analysis in any one individual, then subsequently all 
that ought to be required is determination of pulmonary ventilation in that 
subject. 

To test this hypothesis, analysis of the results from two surveys (Passmore, 
Thomson & Warnock, 1952; Garry, Passmore, Warnock & Durnin, 1955) has 
been done, and it appears that this method of prediction can be utilized with 
very little increase in the error of the experiment. For each subject 
a regression line was drawn through the origin using six points of determined 
rates of ventilation and of energy expenditure to estimate the regression 
coefficient, these rates being reasonably far from zero, e.g. at about 8 keal/min. 
Prediction of subsequent values for energy output from ventilation alone 
using these regression lines gave an additional error of only about 10 i 
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_ The regression line as calculated does not apply to pulmonary ventilations 
below 151./min or above 501./min—at these extremes the ventilation is 
_ proportionately greater than in the middle range. 
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| : A possible source of error in the improved spirometer. By A. R. 
_ AnscomBE. Departments of Surgery and Physiology, The London Hospital 
and Medical College, London, E. 1 


The improved spirometer described by Bernstein, D’Silva & Mendel (1952) 
has a linen thread to connect the bell with the recording pen, running over 


a light-weight pulley system. It was thought that monofilament nylon might 


- decrease the friction of the pulley system and thus be a better material to use. 
However, when tracings of the fast vital capacity curve were obtained, they 
were found to consist of an initial straight line followed by a series of undula- 
tions. A similar tracing obtained using the Knipping spirometer has been 
shown (Bernstein, 1954) to be a wane error caused by oscillation in the 
water jacket. 

The use of a double thickness of sciealinican’ nylon decreased the ampli- 
tude of the undulations and the source of error in this case was thought to be 
_ the elasticity of the nylon. Similar results were obtained using braided nylon 
and catgut, while linen thread, silk and steel wire gave the usual undistorted 


curves. 
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The acute response to potassium ingestion. By J. N. Mizis. Depart- 
ment of Physiology, University of Manchester 
_ It is widely held that plasma potassium concentration is unimportant in the 
regulation of potassium excretion (Berliner, Kennedy & Hilton, 1950). 
If frequent samples of blood and urine are collected after ingestion of 
60 m-equiv KHCO,, plasma concentration and urinary output closely parallel 
one another for the first 1-2 hr, after which excretion remains high despite 
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a fall in plasma concentration. If, after the initial rise in concentration and 
excretion, plasma potassium concentration is depressed by intravenous insulin, 
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Fig. 1, Plasma potassium concentration and potassium excretion after administration of KHCO, : 


by mouth, followed by intravenous injection of insulin. 
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Fig. 2. Peak plasma potassium concentration after administration of KHCO,, with or without 
insulin, and potassium excretion at the time of the peak. 


excretion likewise falls, and rises again in parallel with the plasma level ( Fig. 1). 
In Fig. 2, the peak plasma concentration attained in each of six experiments 
on potassium ingestion, with or without subsequent insulin 1 injection, is plotted 
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against excretion rate at the time. The good correlation is further evidence 
that the excretion rate is at first closely related to plasma concentration. 
Some 2 hr after ingestion of potassium, however, some more slowly acting 

factor maintains a high potassium excretion despite the fall of plasma level. 


REFERENCE | 
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The effect of heat exposure on thyroid and salivary gland activity 


in the mouse. By K. J. Coutins and K. Hettmann. Medical Research 


Council, Climate and Working Efficiency Unit, Department of Human 
Anatomy, University of Oxford 


Mice of the same genotype and sex were divided at weaning into two groups, 
one of which was reared in a hot environment (91° F dry bulb, 85° F wet 
bulb) and the other kept as a control group (69° F dry bulb, 60° F wet bulb). 
At ages of 8 and 21 weeks, litter-mates from the heat and control groups were 
injected with 2-5 uc of "I and killed after 2? hr. The thyroid, salivary glands 
and in some cases other tissues were immediately removed. 

A depression of thyroid activity as measured by radio-iodine uptake has been 
found in all animals reared in the heat, both in the pure-line strains used and 
in F, hybrids. In 8-week-old male and female F, animals which are barely 
mature, there is approximately a 50° reduction of iodine uptake in the heat. 
This was also shown in 21-week-old animals. | 

In fourteen pairs of animals from heat and control groups in which thyroid 
activity was measured, 1] uptake in the submaxillary glands was also deter- 
mined 2? hr after injection. The submaxillary glands from the heat exposed 
animals had a higher I content than the glands of control litter-mates. 
There was no difference in weight between submaxillary glands from the two 
groups. No significant counts were obtained from a volume of blood equal to 
that of the whole thyroid or from gastrocnemius muscle. . 

We find therefore an increased iodine uptake in the salivary glands and 
a decreased uptake in thyroid in heat-exposed animals as compared with 
control animals, We are not, however, in a position to decide whether this 
inverse relationship is due to a simple partition of the injected iodine between 
the salivary and thyroid glands, or whether a more complex mechanism is 
involved such as has been suggested by Fawcett & Kirkwood (1954). 


REFERENCE 
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The disappearance of collagen from the rat’s uterus during post- 
partum involution. By R. D. Harkness and Brenpa KE. Moraes. 
Department of Physiology, University College London 

It has previously been shown that collagen disappears very rapidly from the 

uterus during post-partum involution in the rat (Harkness & Harkness, 1954). 

It was obviously important to establish the time course of this disappearance 

more accurately, and to obtain evidence of the route by which collagen is lost. 

These points have been investigated further using the method of Neuman & 

Logan (1950) for estimation of collagen. In the horns rapid disappearance 

appears to start about 12-24 hr post-partum; in the cervix, it is delayed by 

about a further day. In both cases it subsequently follows an approximately 
exponential fall to a value considerably below normal. The most rapid rate of 
loss of collagen was found in the horns, where the time for half loss between 
the second and fourth day was of the order of 1 day. This is much more rapid 
than for any other recorded instance of the disappearance of collagen. The 
corresponding time for half loss of collagen from cirrhotic rat liver after 
withdrawal of CCl, is about 10 days (data of Morrione, 1949), from rat 
thyroid after withdrawal of thiouracil about 30 days (data of Harkness, 

Harkness & Santler, 1954), for denervated and immobilized atrophic rat 

limbs about 50 days (data of Slack, 1954). 

As regards the route of loss of collagen it has been suggested that collagen is 
merely shed into the lumen of the uterus and lost through the vagina. Though 
this hypothesis seemed unlikely, it has been examined by placing plugs 
of cotton-wool covered with gauze in the vagina, extracting these plugs 
by autoclaving in water and examining the hydrolysate of the extract for 
hydroxyproline. Only small amounts have been found and it appears unlikely 
that more than about 5% of the collagen can be lost in this way. 

We are grateful to the Nuffield Foundation for a grant for this work. 
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The adrenaline and noradrenaline of venous blood of the horse 
before and after exercise By C. Lovarr Evans, D. F. G. Surra 
and H. Wrei-Matuerse. Chemical Defence Experimental Establishment, 
Porton, and Runwell Hospital, Wickford 


Since the horse is very sensitive to L-adrenaline, whereas L-noradrenaline 
does not cause sweating (Lovatt Evans & Smith, 1954), it seemed possible 


that 
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~ that the sweating of exercise might be due, at least in part, to an increased 
- adrenaline content of the plasma. 


Date no. (min) Before After Before After | 
29. xi. 54 1 20 1-22 1-26 3-58 3-81 
2 20 1:10 1:52 3-72 4-18 
9. xii. 64 3 19 1-67 2-03 4-28 5-00 
1 27 1-62 1-87 6-41 6-50 
2 32 1:33 3:84 4-58 8-70 
4 36 1:56 3-12 525 10-60 
14. xii. 54 2 65 1-54 3-12 4-48 6-82 
‘i 5 52 1-27 2-60 3-76 8-65 
6 52 1-25 3-04 5-35 9-00 

3 50 1-68 12-90 4-72 34-00" 
7 20 1-34 2-59 5-25 6-34 
Mean 1-41 3-45 4-48 9-40 


* This horse was sweating very copiously. 


Seven clipped-out riding horses were used. Air temperatures were 42-5— 
_ 49° F (6-9-5° C) and r.h. about 95%. Blood samples were taken at pro- 
cainized sites during rest; the animals were then ridden at slow canter until 
free sweating was established; as soon as possible after termination of the 
ride (about 3 min) a second blood sample was taken, and both samples were 
then analysed for adrenaline and noradrenaline (Weil-Matherbe & Bone, 
1953). 

In every case there was an increase in both the catechol derivatives. The 
significance of the noradrenaline increase is doubtful, but as regards the 
adrenaline, the inference that part of the sweating is of humoral origin seems 
inescapable, when we remember that an intravenous injection of 1-Oyug/kg 
body weight will cause sweating for 20 min. 


The Chief Scientist, Ministry of Supply, has sanctioned this publication. 
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The movement of cerebrospinal fluid over the cerebral hemi- 
spheres of the dog. By T. H. B. Beprorp, Department of Pharmacology, 
University of Manchester 

Indian ink introduced into the cisterna magna of dogs anaesthetized in the 
prone posture was found to invade the external surface of the cerebral hemi- 
spheres from two directions. One flow spreads upward from the base of the 
brain mainly from the region of the fissure of Sylvius, and the other, after 
_ flowing upwards on the internal aspect of the hemisphere, passes between the 
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superior longitudinal sinus and the brain and then downwards over the 
external aspect. At the end of experiments of 1 hr duration, these two streams 
had not made contact and a well-defined band free from ink usually remained 
between them. The relative proportion of the external aspect of the hemi- 
spheres invaded from these two directions varied from animal to animal; the 
area invaded from the base was generally the most extensive. Examination 
with a hand lens invariably failed to show any concentration of ink in the 
region of the superior longitudinal sinus. The ink appeared to pass unimpeded 
between the sinus and the brain. It was not found possible to increase 
significantly the extent of travel of the ink by raising the pressure at which it 
was introduced, although a maintained increase in the rate of inflow into the 
cisterna followed this procedure. Nevertheless, the intensity of blackening of 
the area invaded varied directly with the pressure. Similar results were 
obtained after intravenous injection of hypertonic sodium chloride solution. 
With the animal on its side, the spread of ink resembled that observed in the 
prone posture. There was, however, a tendency in some experiments for ink 
to travel more freely over the parts of the hemispheres that were uppermost; 
this also occurred when the animal rested on its back. When the animal was 
allowed to recover from the anaesthetic after the introduction of ink, the 
mode of spread over the external aspect of the hemispheres resembled in 
character that obtained in the animal anaesthetized in the prone posture 
except that blackening was more intense and the area usually free from ink 
was generally slightly coloured. 

It is concluded from these experiments that cerebrospinal fluid reaches the 
external surface of the cerebral hemispheres from two directions. There is an 
upward flow of fluid from the base of the brain, and a downward flow from 
the region of the superior longitudinal sinus. It is probable that absorption 
is normally completed before these two streams have come together, A demand 
for increased absorption of cerebrospinal fluid seems to be met mainly by an 
increase in the rate of absorption in those areas from which absorption is 


already taking place rather than. by opening up other areas. The superior | 


longitudinal sinus has no special function in the absorption of cerebrospinal 
fluid. 


The rates of disappearance of substances injected into the sub- 

| arachnoid space of rabbits. By H. Davson. Medical Research 
Council, Department of Physiology, University College London 

The literature of neurology contains many descriptions of the results of 

intracisternal injections, but very little quantitative information regarding the 

relative rates of disappearance of different substances can be derived from 
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these accounts. In the present work, Na was used as a standard of reference, 
the isotope being injected in solution with the other substances examined. 
Exactly 0-1 ml. of solution was injected at low pressure into the cisterna 
_ magna; after 1 hr a maximal withdrawal of cerebrospinal fluid was carried 
out, and the concentrations of the substances investigated determined in the 
fluid. The results were calculated as a ratio, R, indicating the loss in concentra- 
- tion of the test substance divided by the loss in concentration of “Na, an 
average value of 1-5 ml. for the total volume of cerebrospinal fluid in the 
rabbit being taken. Values of R less than unity indicate that the substance 
- escapes less rapidly than “Na, and values over unity that the substance 
_ escapes more rapidly than Na, The results were as follows: 


Inulin Thioursa 1-41 
Sucrose 0-76 Thiocyanate 1-90 
p-Amino hippurate 0-78 Todide 2-22 
Creatinine 0-95 Ethyl thiourea 2-56 
Xylose 1-22 


It is considered that the increasing rates of disappearance are due to increasing 
ability of the substance to pass from the subarachnoid space into the adjoining 
nervous tissue, and that it is very likely that the rate of escape of inulin is 
determined entirely by the rate of drainage of fluid into the dural sinuses. The 
relatively rapid rates of escape of thiocyanate and iodide are interesting since 
these ions barely penetrate the blood-c.s.f. and blood-brain barriers. That the 
_ escape of sucrose occurs mainly by a flow mechanism, as opposed to a simple 
diffusion through the capillaries of the brain tissue, may be shown by mea- 
suring the rate of loss when the concentration of sucrose in the circulating 
_ blood is greater than in the subarachnoid space; it is not significantly different 
from that observed when there is no sucrose in the blood. 


Visual purple; some notes on the mechanism of extractants. By 
C. D. B. Bripezs. M.R.C. Group for Research in the Physiology of Vision, 
Institute of Ophthalmology, London | 


Visual purple, the photosensitive chromoprotein present in the rods of many 
animals, is normally extracted by aqueous solutions of the steroid saponin 
digitonin. 

In the present work the extracting ability of a number of aliphatic primary 
and quaternary amine salts of the general formula CH,.(CH,),.NH3 Cl” 
(where n=4-15) has been studied. None of these substances has a greater 
extracting efficiency, per molar concentration, than digitonin. | 
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Some observations on the interaction between evoked strychnine 
spikes and specific responses in the visual cortex of the cat. 
By W. A. Cops, W. M. Cowan, T. P. 8. Powerit and M. K. Wricxr. 
Department of Applied Electrophysiology, The National Hospital, Queen 
Square, London 


The relation between the specific cortical response to a brief flash of light and _ 


the strychnine spike which it evokes has been studied in cats under light 
Nembutal anaesthesia. By varying the flash frequency and the conditions of 
illumination it has been shown that the strychnine spike can be differentiated 
from the specific response as a separate event. 

The recordings were generally unipolar, with reference to an electrode on 
the muscles of the neck. The electrodes were chlorided silver balls, 0-5 mm 
diam., resting lightly on the cortical surface, which was protected from drying 
by a layer of warm liquid paraffin. Numerous points on the visual cortex 
were examined, the results being similar from all. 

Within 1 min of the topical application of a saturated solution of strychnine 
sulphate there is a marked increase in both the positive and negative phases 
of the specific response. Thereafter spontaneous strychnine spikes appear and 
low-frequency stimulation (1-3-5 flashes/sec) evokes strychnine spikes of 
similar form which, at the beginning of a train of evoked responses, fuse and 
summate with the specific response, As the train progresses, however, the 
two events become progressively separated in time until strychnine spikes 
are either completely ‘blocked’ or occur at subharmonics of the flash frequency. 
Bipolar recordings from a very small strychninized area indicate that this 
temporal separation of the specific response and spike is not due to the two 
events becoming appreciably separated in space along the horizontal plane 
of the cortex. The first specific response to occur after a train of strychnine 
spikes has failed to follow the flash frequency is reduced in amplitude and 
another spike is not evoked until the specific response reaches a critical level. 
The duration of a train and the frequency at which spikes can be evoked 
appears to bear a direct relationship to the amplitude of the specific response, 
since any factors which reduce the amplitude of the specific response (e.g. 
excluding flashes from one eye, constantly illuminating the retinae during the 
period of flash stimulation, increasing the flash frequency above 8/sec, in- 
creasing the depth of anaesthesia) either completely ‘ block’ the train of evoked 
strychnine spikes or else shorten the duration of the train. The duration of 
a train of evoked strychnine responses varies inversely with the frequency of 
flash stimulation—lasting almost indefinitely at very low frequencies (less 
than 1/sec) but only for about 7 sec at 3°5/sec. At frequencies between 3-5 
and 7/sec the strychnine spikes occur with alternate flashes while above 8/sec 
complete ‘blocking’ of spikes occurs. 
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: The ‘staircase’ phenomenon in the frog’s ventricle and the action 
of calcium. By R. Department of Uni- 
versity College London 


If a strip of frog’s ventricle is stimulated after a quiescent ed at a constant 
frequency of about 17/min, its tension increases during successive contractions 
(‘staircase’ effect), while the height of the monophasic action potential usually 
decreases as described by Hofmann (1926). In potassium-free solution, the 
staircase effect occurs more rapidly (Szent-Gyérgyi, 1953), and the duration 
of the monophasic action potential is longer than in normal Ringer. An even 
more striking change is observed with calcium. With calcium concentrations 
_ above 4 mm the initial contraction is considerably greater than the maximum 
_ obtainable in normal Ringer, while the duration of the action potential is less. 
In the high- calcium solution the first contraction of a series is the largest, 
successive tension responses gradually diminishing in amplitude. 

When strips of 1-1 mm diameter are soaked in potassium-free or calcium- 
rich solutions, a maximal effect develops in 20-40 min. This seems too slow to 
be explained solely by diffusion through the extracellular space, but too quick 
to be compatible with re-equilibration of the intracellular electrolyte content 
as proposed by Szent-Gyorgyi (1953). It is more probable that potassium and 


_ calcium influence the properties of the cell membranes of the heart and thereby | 


affect activation of the contractile process. 


REFERENCES 


Hofmann, F. B. (1926). Z. exp. Med. 50, 130-154. | 
Szent-Gyérgyi, A. (1953). Contraction in Body and Heart Muscle. New York: Academic Press. 


_ The role of receptors in muscle and tendon in controlling the 
application of finger pressure in man. By K. A. Provins Medical 
Research Council Working Efficiency Unit, Department of Human Anatomy, 
Oxford Uniwersity 

Much is now known about the conditions under which various receptors may 

be caused to discharge in animals, although comparatively little work has been 

carried out on man. The present experiments were designed to determine, at 
least in part, the sources of sensory control in the judgement of applied 
pressure in man. 

The accuracy with which nine subjects were able to reproduce a particular 
pressure with the index finger with their eyes closed was recorded on a strain 
gauge apparatus. Pressure was applied in isometric contraction of the finger 


flexors against a brass disk 1-26cm diam., using a skin area on the palmar 


aspect of the distal phalanx. In making the first contraction, subjects were 
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told the amount of pressure they were applying during the contraction, but 
in succeeding applications they were not. told the pressure achieved until after 
completion of the contraction. Five different pressure values were tested at 
a slow rate of application and one at a fast rate of application. Each subject 
attended for two sessions which were identical, except that in one of them the 
subject had the digital nerves of the index finger blocked with Xylocaine. 

The results show that there is a statistically significant difference in the 
mean accuracy of pressure applied at the slower rate of application at all 
values of applied force below 400g weight between the anaesthetized and 
control conditions. The difference increases with decreasing values of pressure 
in favour of the control condition. This is taken to indicate that below this level 
the accuracy of applying pressure with the fingers is dependent upon receptors 
other than those in muscle and tendon. The difference between the mean errors 
for the two rates of application of pressure is statistically significant in favour 
of the slower rate in the control series but not in the nerve-block series, neither 
is there any significant difference between the fast rates of application in the 
two experiments. This supports the view that the fast movement is not subject 
to continuous sensory control (Stetson & Bouman, 1935; Vince, 1948). 
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Action of cardiac glycosides on red cells. By I. M.Giynn. Physiological 
Laboratory, University of Cambridge 


- Schatzmann (1953) has shown that cardiac glycosides or their aglycones will 


prevent the uptake of potassium and expulsion of sodium by cold-stored 
red cells without affecting oxygen consumption or anaerobic glycolysis. This 
suggests that the glycosides act either by disconnecting the pump from the 


energy supply, or by affecting the carrier system directly. 


The fluxes of sodium and potassium in both directions under the influence 
of a variety of cardiac glycosides have been studied. Digoxin at a concentration 
of 10-* abolishes 80°% of potassium influx with 6 mm-K outside (confirming 
Joyce & Weatherall, 1955), while experiments at higher external potassium 
concentrations show that the linear component of potassium influx, thought 
to be due to a leak, is unaffected. Sodium efflux is reduced by about 75%; 
this is not only a much bigger effect than that obtained by glucose deprivation, 
but also includes part of that component of sodium efflux which remains when 
there is no external potassium and which seems to be insensitive to glucose 
(Glynn, 1954). Removal of glucose has no significant effect on potassium 
efflux yet digoxin decreases it by about 25%. Glucose deprivation affects 
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neither the wdien influx which occurs in the presence of normal levels of 
external potassium, nor the extra influx which is obtained when external 
_ potassium is absent, but digoxin abolishes this extra flux completely. These 
results cannot be explained by assuming that digoxin disconnects the energy 
- supply, and therefore suggest a direct action on the carrier mechanism. 

In view of this conclusion it seemed interesting to see what molecular 
structure was necessary to produce the effects. Experiments in which scil- 
laren A, hexahydro-scillaren A, emicymarin, allo-emicymarin and a-angelica 
lactone, in concentrations, of 10-* and 10-’, were tested on potassium influx 
- or sodium efflux, showed that the factors common to the active substances 
were a five- or six-membered unsaturated lactone ring (ef. the saturated ring 
in hexahydro-scillaren), attached with a particular configuration (absent in 
allo-emicymarin), to the C,, of a cyclopentanophenanthrene nucleus (absent in 
a-angelica lactone). These are just the requirements for cardiotonic action and 
are more stringent than those for accelerating the polymerization of cardiac 
actin (Wollenberger, 1954). This raises the question: might the cardiotonic 
action be primarily a membrane effect, the augmented contraction being 
secondary to an altered pattern of activity in the overlying membrane? 

I wish to thank Prof. T. Reichstein and Prof, A. Stoll for gifts of glycosides. 
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_ Circulation in the hand and forearm with repeated daily exposures 
to humid heat. By R. F. Hetton and A. R. Linn. Medical Research 
Council. Unit for Research in Climate and Working Efficiency, Department 

of Human Anatomy, Oxford 


_ There is some disagreement as to the circulatory changes which occur with 
daily exposure to heat. Scott, Bazett & Mackie (1940) observed a progressive 
_ increase in finger blood flow; Eichna, Park, Nelson, Horvath & Palmes (1950) 
calculated that there was a progressive decrease in peripheral blood flow in 
_ the first few exposures; Wyndham (1951) similarly found a reduction in 
_ both the hand and forearm blood flows; and Whitney (1954) showed no 
consistent trend in the combined hand and forearm flow in three subjects, 
with an increased hand flow in a fourth subject. 

Four young men were exposed to heat on consecutive days for 2 hr daily, 
while sitting in open-backed chairs. Dry- and wet-bulb temperatures were 
 36-5/36-0° C for the first 3 days, 36-5/36-2° C for the fourth day and the mean 
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temperature over the last 5 days was 36-3/34-8° C. Air movement was 160 ft./ 

min. Forearm plus hand and forearm blood flows were measured at. half- 

hourly or more frequent intervals by the method of Whitney (1953), and from 
these values hand flows were calculated (Whitney, 1954). 

One of the subjects fainted on the first day after 20 min exposure. He 
successfully endured the succeeding exposures, but no progressive changes were 
found in either his hand or forearm blood flows. Of the remaining three men, 
only one showed a change in calculated hand flow and that was a day-to-day 
reduction. The same three subjects all exhibited a reduction in forearm blood 
flow with successive exposures. The mean reduction between the final measure- 
ments of the first and fourth days was about 50% for the three subjects. 

Values for hand blood flows were high and showed great day-to-day 
variability. This would appear to explain the disagreement between previous 
workers when measuring finger, hand or combined hand and forearm flows. 


‘Thanks are due to Group Captain W. K, Stewart and Dr D-McK. Kerslake for kindly providing 
facilities. 
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Heat elimination from the hands during local exposure to sub- 
atmospheric pressures. By D. R. Cotzs and A. D. M. GReenFIELp. 
Department of Physiology, The Queen’s University of Belfast 

The heat elimination from the dependent hands of normal men was measured 

using calorimeters filled with water in the range 28-32°C. One hand was 

exposed to various subatmospheric pressures for periods of 10 min. The results 
have been adjusted for changes in general vasomotor tone as revealed by 
simultaneous observations on the control hand. 

During the application of a pressure 30 mm Hg below atmospheric the heat 
elimination was unchanged. Pressures of —60 and —100 mm Hg reduced the 
heat elimination and pressures of — 150 and —200 mm Hg increased the heat 
elimination considerably. 

It is suggested that when the transmural pressure in the blood vessels is 
moderately increased there is a local vasoconstriction and that this must be an 
active reaction. When the transmural pressure is considerably increased there 
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| is a local vasodilatation which might be active, passive or a combination of 


the two. 


The expenses of this investigation were in part defrayed by a grant to A. D. M. Greenfield from 
the Trustees of the Sir Halley Stewart Fund. D. R. Coles holds a Medical Research Council 


| Fellowship in Clinical Research. 


| Reappraisal of the role of vasopressin during dehydration in rats. 


By 8. E. Dicker 


The delayed pain of thermal burns. By D. Armstrone, J. B. J EPSON, 


C, A. J. W. Stewart and C. W. M. Witson 


_ The detection of a visual pigment in living human cones. By 


G. 8. Brrnp.ey and W. A. H. Rusnton 


The effect of body posture on the hand blood flow. By P. Breacons- 
FIELD and JEAN GINSBURG 
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_ The determination of serum protein-bound iodine using an 
alkaline incineration method. By J. D. Actanp. Department of 
Pharmacology and Therapeutics, University of Sheffield, and Sheffield 
Royal Infirmary 
One method of determining protein-bound ‘dine (PBI) uses alkaline incinera- 
tion to convert organically bound iodine to iodide, the liberated iodine being 
estimated by means of its catalytic effect on the ceric-arsenite reaction (Salter 
 & McKay, 1944; Barker, Humphrey & Soley, 1951; Brown, Reingold & 
_ Samson, 1953). In the present study, it is shown that a straight-line calibra- 
_ tion curve for this reaction can be constructed, relating iodide concentration 
_ to the logarithm of the extinction at 415 mp measured 12-5 min after mixing 
the reagents. This relationship has been found to hold over the whole range of 
iodide concentrations tested, the highest corresponding to a serum containing 
23 wg PBI/100 ml. The amount of zinc present in a Somogyi precipitate pre- 
pared from 1 ml. of serum is shown to diminish the catalytic action of iodide, 
this effect being greater at the higher iodide concentrations. The possibility of 
combining trichloroacetic acid precipitation with alkaline ashing is examined. 


I wish to thank Prof. E. J. Wayne and Prof. G. M. Wilson for their interest in this work, and 
_ the Board of Governors of the United Sheffield Hospitals for financial assistance. 


REFERENCES 


Barker, 8. B., Humphrey, M. I. & Soley, M. H. (1951). J. clin. Invest. 30, 55-62. 
Brown, H., Reingold, A. M. & Samson, M. (1953). J. clin. Endocrin. 13, 444-450. 
Salter, W. T. & McKay, E. A. (1944). Endocrinology, 35, 380-390. 


A comparison of “Rb, *P and ™Cr as labels for red blood cells. 
By G. R. TupHore and G. M. Wizson. Department of Pharmacology 
and Therapeutics, University of Sheffield 

The relative efficiency of *Rb, **P and ‘Cras labels for red cells has been studied 

in vitro. The uptake of isotope by red cells was measured by incubating blood 

with the isotope at 37° C, with constant rocking. The activity of the plasma 
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was measured, and the uptake of isotope by the red cells was calculated. After 
3 hr the plasma was removed, the cells were washed, resuspended in stored 
plasma and again incubated at 37° C with rocking. At intervals the radio- 
activity of the plasma was measured and the leakage of isotope from cells was 
calculated. 

In six experiments in which *Rb and *P were compared under the same 
conditions, using samples of blood withdrawn from the same person, the rates 
of uptake of the isotopes during the first 3 hr were not significantly different. 
The uptake of Rb at 3 hr was 33-3% and that of *P was 40-1%. When the 
rates of leakage were compared, it was found that the loss of **P from the red 
cells was greater than that of *Rb at 1, 2 and 3 hr, the differences being 
statistically highly significant. The mean leakage of *Rb at 3 hr was 7:8%, 
and that of #P was 13-3%. 

Rb is a useful agent for labelling red cells, and can be used for measure- 
ment of total red cell volume. The uptake is similar to that of **P and the 
rubidium label has the advantage of being more stable. **Rb has the further 
advantage over **P of possessing y-radiation, so that the possibility exists of 
following the distribution of the rubidium label within the body by means of 
an external counter. 

When *'Cr was studied under the same experimental conditions, the -- 
was 81% in 1 hr, and leakage was less than 1% in 3 hr. ™Cr, although having 

the disadvantage of requiring a scintillation counter for its measurements has 
several advantages as a red cell label compared with Rb and ®*P. The uptake 
of "Cr by red cells is much more rapid and more complete, and the label is 
very much more stable. It has previously been shown (Read, Wilson & Gardner, 


1954) that the mean half-life of “Cr-tagged red cells within the circulation is 


26 days, whereas in our observations that of *Rb is about 40 hr. This pro- 
longed survival of “Cr-tagged cells can be utilized to make repeated estima- 
tions of red cell volume, if injections of unlabelled red cells are given. The 
initial estimate of red cell volume having been made from calculation of the 
dilution of tagged cells in normal cells, further estimates of red cell volume 
can be made using measurements of radioactivity of the blood before and after 
a transfusion of normal cells to calculate the further dilution of ©'Cr-tagged 
cells by new non-active cells. Such measurements of red cell volume can be 
made so long as there is sufficient “Cr within the circulating red cells for radio- 
active measurements to be made. 


REFERENCE 
Read, R. C.,.Wilson, G. M. & Gardner, F. H. (1954). Amer. J. med. Sci. 228, 40-52. 
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- Distribution of alkaline phosphatase in the small tateatine: By 
F. R. Jonnson and J. Kueier 


_ Healing of artificial ulcers in the urinary bladder. By F. R. Jonxsox 
and R. M. H. McMixw 


Fate of transplants of transitional epithelium and the production 
: of heterotopic bone. By F. R. Jonson and R. M. H. McMinn © 


. The possibility of fat excretion in the large intestine. By B. F. Martin 


_ Demonstration of the antigenic structure of Sarcoma RD, by the 
fluorescent antibody technique. By F. N. Guaptatiy 


A simple method of indelible marking of glassware. By J. W. 
HADFIELD 


_ The estimation of “C in organic compounds: a simple apparatus for 
use in the degradation of fatty acids by the Schmidt reaction. 
By B. A. Fry. Department of Microbiology, University of Sheffield 


__ In experiments dealing with the formation of volatile fatty acids from sub- 
_ stances labelled with “C, it is often desirable to determine the distribution of 
~ the isotope among the various carbon atoms of the fatty acid. Location of the 
_ isotope in the carbon chain is accomplished by stepwise degradation of the 
acid by the Schmidt technique, e.g. with propionic acid: 


°CH,*CH,’COOH + HN, -- CH,CH,NH, +1CO,, 
CH,CH,NH, + KMn0, > CH,COOH, 
CH,COOH +HN, ~ CH,NH, +2CO,, 
CH,NH,+KMn0, > 8C0,. 


_ Using the experimental conditions described by Phares (1951), the degrada- 
tion procedure is facilitated by the use of the apparatus shown in Fig. 1. An 
aqueous sample (pH 8-2) containing the sodium salt of the fatty acid is dried 
_ down in the reaction vessel A by warming on an electrically heated sand tray. 
_ (Spitting does not occur during the drying process, provided the level of the 
_ sand is kept below that of the liquid: removal of water vapour is hastened by 
_ leading a tube from the mouth of A to a filter pump.) In the decarboxylation 
_ step, azide is added to the fatty acid and sulphuric acid by simply rotating and 
_ gently tapping the stopper C. After collecting the carbon dioxide released in 
e2 
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this reaction, the amine is obtained by adding water through the side funnel D, 
followed by sufficient NaOH to bring the contents to pH 13. The apparatus 
is then placed in a boiling water-bath and the 
amine is swept out by air and trapped by passage | }-—810 
through a bubbler containing dilute sulphuric 

acid. The amine is then oxidized by alkaline 
potassium permanganate to the corresponding 
fatty acid, or, in the case of methylamine (from 
acetic acid), to carbon dioxide. The oxidation of 
the very volatile methylamine can be conveniently | 
performed in the same apparatus as that used for 

the decarboxylation. The sample (acid containing p 

the amine) is placed in A, the apparatus assembled 

with the taps open and then heated in a boiling 


water-bath. After a few minutes the taps are a 
closed and the apparatus removed from the bath. 

The partial vacuum which is thus formed enables . 
alkaline KMn0O, in the side funnel D to be drawn Cup for 
into the apparatus without loss of the amine set bees 
free in the alkaline conditions. After 20 min at : ae 


37° C and 10 min at 100° C, the carbon dioxide 
is swept out by the passage of CO,-free air and 
collected in a bubbler containing sodium hydr- WY 
oxide. In the oxidation of amines higher than Fig. 1. ‘Quickfit and Quartz’ 
methylamine, whilst the main product is the stound-glass joints are used in 
corresponding fatty acid, small amounts of other 
fatty acids are often formed, e.g. propylamine shown) PEN springs to be 
yields about 85°% propionic acid and 15% acetic _ fitted in order to hold B and C 
acid (cf. Mosbach, Phares & Carson, 1951). The ‘* 4- During the passage of 
appropriate acid is readily separated from con- 
taminants by partition chromatography on 
buffered celite columns (Bueding & Yale, 1951), and thus a pure sample 
obtained for degradation by azide. Though the production of carbon dioxide 
in the decarboxylation reaction is nearly quantitative (93-95%), the amine 
does not appear to be produced in equal yield, and recovery of fatty acid 
after oxidation of the amine may only correspond to 50-60% of the original 
acid (cf. Scheurch & Huntress, 1949), 


ing soda lime is fitted to B. 
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A convenient micro-method for the estimation of tissue chloride. 
: By R. Wurrram*. Department of Biochemistry, The University, Sheffield 
_ During a study of the permeability of slices of renal cortex to chloride, *°Cl was 


: used as a tracer, and a method for its estimation and also that of the total 
_ amount of chloride in the tissue was required. In experiments without tracer 


_ the method of Van Slyke (1923), which requires the digestion of the tissue with 


_ concentrated nitric acid, had been used for chloride determinations and gave 
a value of 40-2 + 5-4 (s.p. 25 estimations) u-equiv/g for kidney cortex of the 
_ guinea-pig. Since this method does not conveniently permit an assay of the 
radioactivity of the tissue chloride, the potentiometric method described for 
plasma and urine chloride by Sanderson (1952) was adapted for tissue chloride 


determinations. 


Amounts of tissue slices such as are used in Warburg manometers (0-1—0-2 z) 
_ are dispersed, and allowed to stand overnight, in 10 ml. 0-1Nn-HNO,. The 
_ supernatant is then decanted for liquid counting (Veall, 1948), and thereafter 
the chloride in a 3-0 ml. sample of it is determined by potentiometric titration. 
(The remaining solution may be used for estimations of sodium and potassium 
by flame photometry.) The amount of chloride in the sample is about ten times 
less than that estimated in Sanderson’s (1952) procedure, but the use of a 
_ 0-1 ml. micro-burette (The Emil Greiner Co., New York 13) makes possible 
_ the determination of 1-4 y-equiv chloride within an error of about 5%. The 
_ potential changes are read on a pH-meter (Model 605, W. G. Pye and Co. Ltd., 


_ Cambridge). 


This procedure gave a value of 51:1+8-0 (s.p. 16 p-equiv 
_ chloride/g for guinea-pig kidney cortex. This result is significantly greater 
_ (t=5-23, P<0-001) than the result obtained with the Van Slyke method. It is 


_ in accordance, however, with the recent demonstration that the Van Slyke 


method underestimates tissue chloride because compounds containing non- 
_ ionic chlorine, such as chloranil, may be formed from aromatic amino-acids 
during the acid digestion (Shenk, 1954). 

The procedure outlined provides a convenient method for the estimation of 
tissue chloride and also allows estimations to be made of sodium and potassium, 
and of radioactivity on the same tissue sample. 


* John Stokes Research Fellow. 
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A new. type of visual aid for demonstration of comparisons or 
of rhythmic processes. By 8. H. Hynpman and D. H. Smyru. 
Industrial Photographs Ltd., Laboratory, Sutton Coldfield, and Department 
of Physiology, University of Sheffield 

In demonstrating the movements or structure of an object or the changes 

undergone by it, use is often made of two diagrams illustrating two aspects of 

the object. The technique shown here enables the presentation of these dia- 
grams to be made in a much more striking way, and also enables the two aspects 
of the object to be compared more easily in relation to each other. 

The two diagrams are reproduced superimposed on each other in the form 
of a transparency. Hach diagram is visible by polarized light in one plane only, 
the two planes of light being at right angles to each other. The transparency 
is viewed in a frame which enables the plane of polarization of the transmitted 
light to be changed at will. This can be achieved in two ways. A rotating 
polarizer can be placed behind the transparency and on rotation through 90° 
one or other image is selected. Another method, which is the one used in this 
demonstration, is to have a fixed polarizer behind the transparency, and a 
rotating half-wave plate between this and the transparency. This arrangement 
requires rotation through 45° only in order to give the desired selection. 

In biological teaching, the obvious application of this technique is the com- 
parison of diagrams or pictures of the animal body at various stages of dis- 
section, comparison of radiographs and photographs to show the relation of 
the skeleton to the overlying tissues, and the study of diagrams of different 
phases of rhythmically moving organs, for example, the heart or lungs, In the 

last case, continuous rotation of the half-wave plate gives a remarkably vivid 

_ idea of movement and the movement can be arrested in one or other phase for 

detailed study. 

Examples of these processes are shown. The transparency showing move- 
ment of the heart is reproduced from the conventional textbook diagram taken 

from Winton & Bayliss (1947), and illustrates well the way in which the value 

of such a diagram can be enhanced for elementary teaching purposes. It is 


also possible to use lantern slides instead of transparencies for demonstrations 


to larger audiences. 
REFERENCE 
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Some polarized transparencies and lantern slides of physiological 


interest. By 8. H. Hynpman and D. H. Suyta 


An in vitro technique for the study of water transport in the 
intestine. By D. H. Smyru and C. B. Taytor 
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_ An apparatus for the study of in vivo intestinal absorption in 
: the rat. By M. F. Suerr and D. H.Smytru. Department of Physiology, 
| University of Sheffield 

_ The technique introduced by Cori (1925) is the one which has been most 
extensively used in the study of absorption in the rat intestine, but it has the 
disadvantage that the concentration of substances in the intestinal lumen 
cannot be determined, nor can the absorption of water 

be studied. In the procedure described here both of c 

these limitations are avoided, although there is the | 
disadvantage that an anaesthetic is required. The 
principle of the method is to apply to the living intestine 

in vivo an apparatus somewhat similar to that used 

by Wiseman (1953) for in witro studies. The rat is 
anaesthetized with pentobarbitone sodium, two ends 

of a loop of intestine are brought through the ab- 
dominal wall, the loop of intestine is washed out with — 
saline, and cannulae are tied into the two ends. These 
cannulae are then connected to the apparatus at A 
and B, as shown in the diagram. The fluid, usually 
20-50 ml., in the intestine is circulated by means of C 
an air or oxygen lift C (the air or oxygen is first 
saturated with water vapour at 38°C), and samples 
can be taken at any time from the reservoir for 
analysis. An outer water jacket maintains the whole 
apparatus at 38° C. The absorption of water is studied 
by adding to the reservoir a known amount of some 
substance (creatinine and sulphate have been used). 
After an interval for mixing, an initial sample is taken 
and the concentration in this sample of the substance 
added gives the initial volume of fluid used. At the 
end of the experimental period a second sample is taken, the circulating fluid 
is drained out by the side tube D, and the intestine is washed through with 
an additional 200 ml. of saline. From the total amount of the substance in 
the final washings, and its final concentration, the volume of fluid at the end 
of the experiment can be calculated. The technique can be applied to either 
the complete small or large intestine or to sections of these. By connecting 
the outlet # of the apparatus with a tube dipping below the surface of water 
in another vessel, the pressure of the fluid in the intestine can be increased to 
any desired degree. 


‘ 
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A technique for the study of absorption in the perfused intestine. 
By R. M. Arxrnson and B. J. Parsons 


Method of study of intensity spectra and polarization of the 
fluorescence of solutions. By G. Weper 


The use of physical methods and of sodium tetraphenylboron 
for the separation of “K and “Na in biological fluids. By 
D. 8. Munro, H. Renscuter and G. M. Witson.. of 
Pharmacology and Therapeutics, University of Sheffield 


In biological investigations it is frequently necessary to estimate separately 
mixtures of “*K and *4Na. When the two isotopes are present in approximately 
equal amounts a physical method of separation is satisfactory. This may be 
achieved by the use of an aluminium absorber (Tait & Williams, 1952), by 
counting in two liquid G.M. counters with different wall thicknesses, by the 
combined use of a G.M. and scintillation counter (Robinson, Arons & Solomon, 


1955) or by. making use of the slightly different decay rates. In biological — 


fluids there is often a considerable difference between the amounts of the two 
isotopes and in such circumstances the physical methods have large errors. The 
accuracy that may be anticipated in different circumstances is demonstrated. 

Sodium tetraphenylboron, introduced for the quantitative determination of 
potassium (Wittig & Raff, 1950) offers a rapid means of separating potassium. 
The following method proved satisfactory with urine. 40 ml. of urine is 
acidified with 0-5 ml. of concentrated HCl and a 3% (w/v) aqueous solution 
of the reagent is added until no further precipitation occurs. The precipitate is 
washed three times with 0-5°% NaCl solution. The potassium is again brought 
into solution by adding an appropriate amount of hot 40% (w/v) mercuric 
chloride solution. The supernatant fluid containing potassium chloride is 
filtered to remove the insoluble phenyl mercuric chloride and is used for 
counting. Sodium and potassium chloride solutions and also urines containing 
only Na treated in this way gave counting rates not significantly above 
background. The reagents used did not interfere with subsequent estimation 
of potassium by flame photometry. The specific activities of solutions of 
known composition have been estimated and even when the two isotopes are 
present in considerable disproportion the method is still reliable. 
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: Trichloroacetic acid: its interference with the paper chromato- 


graphy of thyroxine and its removal from aqueous solution 
by electrolytic desalting. By J. D. Actanp 


7 A simple reaction-time meter. By W. Naytor 


Sensitization of guinea-pigs to horse serum protein. By L. B. 


_ The reactions of sheep haemoglobin with nitric oxide. By 
, Q. H. Gipson and F. J. W. Roveuton. Department of Physiology, 
Unwersity of Sheffield and Department of Colloid Science, Cambridge 

_ Although NO readily displaces CO from combination with haemoglobin (Hb), 
_ and must therefore have a remarkably high affinity for Hb, no estimates seem 
to have been made either of the equilibria or the kinetics of the reactions of 
NO with Hb. 

The gas combining capacity of Hb for NO is the same as for CO, and the NO 
~ reactions therefore presumably proceed in four stages: 


nf 
Hb, + NO=Hb,(NO) Equilibrium constant 


Hb,(NO)+NO=Hb,(NO), Equilibrium constant N, 
ng 
Hb,(NO),+NO=Hb,(NO),. Equilibrium constant 
ns 


Hb,(NO),+NO=Hb,(NO), Equilibrium constant Nj. 


n, has been obtained from measurements of the rate of replacement of NO by 
CO; the half-time, at 20° C, in sheep Hb ranges from about 6 hr at pH 9 to 
2 hr at pH 6. The dissociation rate is thus about 1/400 that of CO and about 
1/400,000 that of O, under similar conditions. m, has a Qj, of about 5-5. 
R,. the equilibrium constant of the reaction NO+COHb=CO+NOHb, has 
been determined at 38°C by rotating dilute solutions of NOHb for 2 hr 
with CO containing small percentages of NO and measuring the % NOHb by 
the reversion spectroscope. R ranges from 900 at pH 7 to 1200 at pH 9. Since 
CO has an affinity for Hb 250 times that of O, for Hb, the affinity of NO for Hb 
must be about 250,000 times that of Q,. 

Direct determinations of the rate of combination of NO with Hb gave 
results from 5 to 20 times higher than those of O, with Hb. In spite of this 
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remarkably high rate of NO combination, the main burden of accounting for 
the great affinity of Hb for NO must rest on the —" slow rate of 
dissociation of NOHb. Ne 


of Sheffield Fund. 


Reactions of oxygen and carbon monoxide with the haemoglobin 
of the lamprey. By Q. H. Gisson. Department of Physiology, The 
University of Sheffield 


In work on the kinetics of the reaction between sheep haemoglobin and oxygen, 
Gibson & Roughton (1955) have found that there is a marked difference 
between the behaviour of the first and fourth molecules of oxygen combining. 
Thus the rate for the combination of the first molecule is about one-twelfth of 
that for the fourth molecule, is temperature insensitive and only slightly 
influenced by pH. The more rapid combination of the fourth molecule is 
affected markedly by both these factors. The converse is true of the dissocia- 
tion reactions, the first molecule dissociating from saturated haemoglobin 
relatively slowly at a rate uninfluenced by change of pH from 7-1 to 9-1, while 
the fourth molecule dissociates rapidly, and the rate is pH sensitive. 


With only one gas-binding group per molecule it is of some interest to see 


if the behaviour is that of fully reduced mammalian haemoglobin, of fully 
saturated haemoglobin, or different from either. Accordingly, the haemo- 
globin of Petromyzon fluviatilis, which, like myoglobin, has only one haem 
group per molecule (Svedberg & Pedersen, 1940) has been examined. In its 
reactions with oxygen, lamprey haemoglobin behaves, in general, like mam- 
malian haemoglobin in which three of the haem groups are already combined 
with oxygen. Thus the velocity of combination with oxygen is pH-sensitive, 
k’ being about 4 x 10° 1./mole sec at pH 6-2, increasing to about 6 x 10® 1./mole 
sec at pH 9-1 and 20° C, while the dissociation velocity constant is unaffected 
by change in pH in the range 6-5-9-1 and has the value 60 sec—, also at 20° C. 
These results are quite different from those for myoglobin, where neither the 
combination nor the dissociation velocity is affected by pH change. 

The results with carbon monoxide run parallel with those obtained with 
oxygen, the combination velocity being pH-sensitive, the rate of dissociation 
unaffected by change in pH. 


Thi wok ht ied yt om the Mata Reach Gonna th Rech Fond 
of the University of Sheffield. 
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- Correlation between transience of atropine-block and the incidence 
of atropine-esterasein rabbits. By F. Hossicrr and A. W. Lessin. 
Department of Pharmacology, Middlesex Hospital Medical School, 
London, W. 1, and Ophthalmological Research Unit, M.R.C. Institute 
of Ophthalmology, Judd Street, London, W.C. 1 


So far no studies have been undertaken to see whether atropine-esterase is 
responsible for the transient action of atropine observed in some rabbits — 
(Ambache & Lippold, 1949, table 5). We have seaghoery examined the duration 
of atropine-block in rabbits of which the 
atropine-esterase content was determined 
manometrically (Glick, 1940). At 37° C and 
with an atropine concentration of 2 x 10-2 mu 
the mean hydrolysis/ml.. serum/hr was 
5-28 + 2-89 (8.D.) mg in 14 rabbits; 19 animals 
had no detectable enzyme activity; and 5, 
only a trace. Some of the rabbits were then 
anaesthetized (pentobarbitone or urethane) 
and atropine-block was studied on stomach 
contractions elicited by constant supramaxi- 
mal stimuli delivered at intervals to the left, 
cut, vagus. In rabbits devoid of esterase 
0-25 mg/kg atropine i.v. produced a lasting . 
block (Fig. 1, rabbit A), whereas in those me, 1 

animals which contained the enzyme (Qa;,.5, 5°28 + 2°89) 0-25 and 1-0 ing/ke 
atropine produced a transient, weaker, effect (Fig. 1, rabbit B, Qin, 4°8; 
rabbit C, 5°4). 


40 
Time (min) 
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A comparison of the distribution of “K and “Rb in the rabbit. 
By R. Kiearricx, H. Mitzer, D. 8. Munro, H. and 
G.M. Witson. Department of Pharmacology and Therapeutics, University 
of Sheffield and Sheffield National Centre for Radiotherapy 

The only readily available potassium isotope, “K, has been used extensively 

for the measurement of the exchangeable potassium content of the body | 

(Corsa, Olney, Steenburg, Ball & Moore, 1950; and others). Its half-life 

(12-4 hr) is, however, inconveniently short for these determinations. There is 

evidence that rubidium has a distribution in some tissues similar to that of 

potassium (Love, Romney & Burch, 1954). 
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The isotope *Rb was found to have a half-life of 18-6 days after making an 
allowance for contamination with “Cs, which initially contributed 0-3°% of 
the counts registered in a liquid counter. Its suitability for tracing potassium 


has been studied by injecting intravenously into rabbits a mixture of K and | 


8 Rb. The concentrations of the two isotopes have been determined in relation 
to the potassium content of various tissues and body fluids at intervals between 
6 and 64 hr after the injection. “Rb was concentrated in preference to “K in 
liver, kidney, spleen, intestine and myocardium. The two isotopes were in 
equal proportions in plasma, red cells and skeletal muscle. *Rb was present 
in lesser concentration in nervous tissue and urine. Similar distributions were 
found after the mixture was given by tube into the stomach. 

The presence of slowly exchanging potassium was confirmed in red cells and 
brain (Corsa e al. 1950; Katzman & Leiderman, 1953) but 60 hr after the 
injection the potassium exchange was complete in all other tissues. There was 
no evidence that *Rb was achieving a distribution in similar proportions 
throughout the body potassium with the passage of time. It was concluded 
that this element had its own characteristic behaviour and was not suitable 
for tracing potassium throughout the body. 
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The relation of adrenaline secretion to the symptoms of insulin- 
induced hypoglycaemia. By E. B. Frencu, R. Kivparrick and 
D. R. Woop. Department of Medicine and Eastern General Hospital, 
University of Edinburgh, and Department of Pharmacology and Thera- 
peutics, University of Sheffield 
It is known that adrenaline is liberated in response to hypoglycaemia (Cannon, 
Mclver & Bliss, 1924; von Euler & Luft, 1952) and it is often considered to be 
the main agent in producing the characteristic reaction. Further evidence on 
this point has been obtained by studies during insulin hypoglycaemia in man. 
In twelve normal subjects and in nine with essential hypertension given insulin 
intravenously (0-15 unit/kg) the common features were tachycardia, sweating, 
flushing and a sensation of warmth. At the onset of the reaction there was a 
rise in systolic and a fall in diastolic blood pressure. Additional observations 
were recorded in some of these patients. Blood pressure changes and the 
tachycardia observed during hypoglycaemia were reproduced by adrenaline 
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infusion, but sweating and flushing did not occur. The hand blood flow, 


measured in a plethysmograph, increased about fivefold during the reaction 


to insulin, whereas adrenaline produced a fall. 

Hypoglycaemia in five hypertensive patients who had had a bilateral re- 
section of the sympathetic chain from T 6 to L 3 with section of the splanchnic 
nerves, also produced tachycardia, sweating and flushing. However, in these 
patients, who showed a normal cardiovascular response to adrenaline infusion, 
injection of insulin led to a conspicuous fall in both systolic and diastolic blood 


: pressure, which continued throughout the reaction and persisted for 2 hr 


or more. In spite of this fall the hand flow measured in three of these patients 
showed the same increase as in the intact subject. 

The excretion of adrenaline in the urine has been measured for periods of 
3 hr before and after giving the insulin. A tenfold increase in the adrenaline 
excretion was observed in hypertensive patients with intact sympathetic 
systems, confirming the results of von Euler & Luft (1952). In sympath- 
ectomized patients the basal level was low and no increase followed the admini- 
stration of insulin. 

It is concluded that the secretion of adrenaline from the adrenal medulla 
does not account for the common features of hypoglycaemia. When this 
secretion is prevented by denervation of the adrenals in man the same symp- 
toms are found as in intact individuals. 
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The composition of lipid material from the jejunum of fasting 
dogs. By C. M. Dowsz, J. A. SaunpErs and B. ScuorieLp. Department 
of Physiology, The Medical School, King’s College, Newcastle wpon 
Tyne 1 | 

Experiments were carried out on two dogs with Mann-Bollman type fistulae of 

jejunum placed 10-12 cm below the duodeno-jejunal junction. Secretion was 

collected with the intestine below the fistula occluded by a balloon. The animals 
had been fasted for approximately 18 hr and were anticipating food. The pH 
of sixteen collections ranged from 6-4 to 7-9. Examination under dark ground 
illumination showed large numbers of microns, apparently spherical and 

showing vigorous Brownian movement. Singer, Sporn & Necheles (1954) 

describe microns seen in material from a Thiry loop. They named these 

particles enterolipomicrons, but presented no chemical evidence as to the 
presence of lipid material in the secretion. 
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We collected two single specimens from one dog and a pooled specimen (nine 


collections) from the second dog which were acidified with acetic acid and the - 


lipid extracted with alcohol and ether. After washing the ethereal solution 
with water and removing the acetic acid by distillation in nitrogen under 
reduced pressure, the lipid was dissolved in chloroform. The material was 
analysed for fatty acid by titration in benzene in an atmosphere of nitrogen 
and for «-monoglyceride by periodic acid oxidation (Pohle, Mehlenbacher & 
Cook, 1945). The results given in Table 1 show that the lipid contained about 
60% fatty acid and >10% monoglyceride. 


TaBLE 1, Analysis of lipid from intestinal contents of fasting dog 


Volume Timeof Lipid Fatty acid a-monoglyceride 
collected collection weight Concentration (as oleic acid) as mono-olein) 
(ml.) (min) (mg) (mg/ml.) (%) (%) 
22 30 57 2-6 54 24 
24 30 65 2:7 73 24 
78 234 156 20... 57 ll 


The microns seen by us and the lipid material obtained may have been 
derived from the intestinal mucosa, as suggested by Singer et al. (1954), but 
since the intestine was not isolated, may have come from other sources. Bile 
pigment appeared to be present in the secretions which were of a golden brown 
colour. 


The work was carried out while in receipt of a grant from the Medical Research Council. 
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The eruption rate of the rabbit mandibular incisors. By A. R. Nzss. 
Denial Department, University. College Hospital Medical School and 
Department of Physiology, University College London 

The eruption rate is a measure of the rate of cytogenesis in the tooth-forming 

organ at the base of a tooth. When a rodent incisor is taken out of occlusion— 

by its experimental shortening or that of its opponents—its eruption rate 
increases from about 0-3-0-4 to 0-7-1-0 mm/day. Using a method demon- 
strated previously (Ness, 1954), measurements have been made of the eruption 
rate (Fig. 1) and length of rabbit mandibular incisors over periods of 8 weeks; 


one of the incisor pair being cut out of occlusion twice weekly during the middle 
3 weeks, 
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Eruption rate (mm/day) 


01- Incisor cut out of occlusion 


_at these points 
0 3% 7 10 14 17% 2 24 28 3% 35 42 45 49 56 


Intervals of measurement (days) 


_ Fig. 1. Graph of eruption rates of mandibular incisors. Each point represents the mean of 
: readings from six experiments on five rabbits, the estimated mean standard error of the means 
being 0-032 mm: @, operated tooth and ©, its fellow. ‘Mean’ is the level of the mean of all 
readings of both sides during the period 0-174 days. 


The high rates of eruption achieved by the cut tooth showed an initial week 
of acceleration to an ‘overshoot’. When returned to occlusion the cut tooth 
- usually showed a depression 1 in its rate for 2-3 weeks. During the period of 
cut-off the uncut incisor became shorter by 0-5 mm. 
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Changes in the polarization of the superior cervical ganglion 
produced by drugs. By J. E. Pascor. Department of Physiology, 
University College London, WC. 1 


Measurements have been made of the potential changes produced in the 
superior cervical ganglion by soaking it in Locke’s solution containing drugs. 
Ganglia of rats proved most suitable since diffusion into this tissue is rapid. 
The ganglion was dissected with pre- and post-ganglionic nerves attached, and 
- mounted vertically, the end of the post-ganglionic nerve being attached to a 
- non-polarizable electrode. A second such electrode made connexion with the 


_ Locke’s solution surrounding the preparation. The solution could be raised or 


lowered and the movement of the air/water interface was recorded along the 
X-axis of an oscilloscope; the potential difference between the fixed and the 
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_ fluid electrode was amplified with a d.c. amplifier and applied to the Y plates. 
A record was thus obtained of potential against distance along the preparation, 
the fixed electrode being represented at the origin (cf. Fatt, 1950). A complete 
excursion of the interface from the cut end of the preganglionic trunk to the 
cut end of the post-ganglionic trunk could be completed in 10 sec. 

In the rat 10->m-acetylcholine in the presence of 3 x 10-*m-neostigmine 
caused the ganglion to become 1-3 mV negative to the post-ganglionic trunk. 
This depolarization of the ganglion was not appreciably altered by tempera- 
ture changes between 3 and 38° C. When the acetylcholine solution was re- 
placed by normal Locke’s solution the ganglion became positive with respect 
to the post-ganglionic trunk. The positivity was maximal at about 30° C at 
which temperature it then frequently exceeded the depolarization produced 
by acetylcholine. The positivity was completely abolished by tubocurarine in 
a concentration (5 x 10->m); this concentration of tubocurarine has little effect 
upon the initial depolarization produced by acetylcholine. These experiments 
suggest that the action of tubocurarine on the ganglion may extend beyond 
that of a ome antagonist to acetylcholine. 


REFERENCE 
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A study of certain aortic bodies in the cat. By J. Diamonp and 
A. Howz*. Department of Physiology, University College London, W.C.1 


Some investigators have concluded that the only group of aortic bodies which 
contributes to chemoreflexes in the cat is Penitschka’s paraganglion aorticum 
supracardiale, which is situated near the coronary arteries from which it 
receives its blood supply. This view was based chiefly on the failure to obtain 


reflex effects upon respiration and blood pressure by localized injections of — 


drugs unless these were made directly into the left ventricle (Comroe, 1939; 
-Gernandt, 1946). An investigation has therefore been made of other aortic 
body groups situated on the ventral surface of the aortic arch and near the 
root of the left subclavian artery. 

The blood supply of these bodies was investigated in cats whose vascular 
system was displayed with various injection masses. It was found that the 
blood supplying these bodies came from small vessels arising from either the 
brachiocephalic or the left subclavian artery. Their venous drainage was 
similarly established. Histologically these aortic bodies closely resemble the 
carotid bodies. Nerve fibres have been seen to leave them and together with 


* On leave from the Department of Physiology, Queen’s College, University of St Andrews, 
Dundee. 


of 
le 
10 
2) 
al 
fe 
lc 
8 
t 
t 
SF t 
a 
\ 
‘ 
i“ 
od 
dad 
“4 


SOCIETY, 22-23 APRIL 1955 7 P 


fibres from the aorta in the immediate vicinity form the main branch of the 
left aortic nerve in the thorax. Recordings have been made of the afferent 
impulses in this nerve branch in the open chest animal under positive pressure 
artificial ventilation. Mean arterial blood pressure was recorded from the right 
femoral artery by means of a mercury manometer. A typical pressure receptor 
discharge consisting of large and small spikes coincident’ with the heart beat 


was always present except at very low blood pressures. When the ventilating 


gas mixture was changed from air to 5% O, in N, or the blood pressure was 
lowered by a controlled haemorrhage a discharge consisting mainly of small 
spikes appeared throughout diastole. At low arterial pressures the number of 
these impulses was reduced by changing the ventilating gas mixture from air 
to 100% O,. Itis concluded therefore that these impulses are of chemoreceptor 
origin. After each experiment the carcase was fixed in 10% formol-saline and 
the nerve, from which the recordings were made, was shown to penetrate one 
and sometimes two small discrete masses later identified histologically as 
aortic bodies.. These results suggest that the supra-aortic bodies on the left 
side, as well as Penitschka’s paraganglion, contain functional chemoreceptors 
which presumably agen to chemoreflexes from the aortic 
arch 
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The effect of a carbonic anhydrase inhibitor on the intraocular 


pressure in rabbits. By J. Gioster. Medical Research Council, 
Institute of Ophthalmology, London, W.C. 1 


Administration of a carbonic anhydrase inhibitor, 2-acetylamino-1,3,4- 
thiadiazole-5-sulphonamide (Diamox, Lederle) has been shown by Becker 
(1954) to reduce the intraocular pressure in man. 

Rabbits were anaesthetized by intravenous infusion of 25% urethane 
solution (1-75 g/kg) and continuous records were obtained of the intraocular 
pressures and femoral blood pressure. The intraocular pressures were recorded 
by inserting into the anterior chambers needles connected to rubber membrane 
manometers of the type described by Davson & Purvis (1950). 

Diamox was administered to ten rabbits by intravenous infusion of a 5% 
solution of its sodium salt in doses of 50 mg/kg body weight. The initial intra- 
ocular pressures were between 18 and 27 cm H,0 and had remained steady or 
had risen by not more than 2 cm H,0 in the 10 min immediately before in- 
jection. In eight animals a significant fall in intraocular pressure had occurred 
10 min after injection. The intraocular pressures always began to fall not more 
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than 3 min after injection of Diamox and were still below their initial levels 
1 or 2 hr later. The accompanying figure illustrates a typical result. 

Doses of 5 mg/kg were administered intravenously to four rabbits and in 
two there was a significant fall in intraocular pressure. 


iv. injection of 
Diamox [Na salt] 


50 mg/kg 


in 
5 


Lop. 
cm Left eye. 


in. 


Diamox was also administered by subconjunctival injection or by injection : 


into the anterior chamber in four rabbits. A saturated solution of Diamox in 
physiological saline or a solution of its sodium salt (2-5 mg/ml., buffered to 


pH 7-5 with phosphate) was used. In none of the four animals was a asia in 
intraocular pressure observed. 
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The effect of a carbonic anhydrase inhibitor on the circulation of 
the aqueous humour. By M. E. Lancuam. Medical Research Council, 


Ophthalmological Research Umit, Institute of Ophthalmology, Judd Street, 
London, W.C.1 


The method of objective Ciachenbenilinintd (Langham & Wybar, 1954) has 
been used to investigate the effect of the carbonic anhydrase inhibitor, 
2-acetylamino-1,3,4-thiadiazole-5-sulphonamide (Diamox, Lederle labora- 
tories) on the circulation of the aqueous humour of rabbits. Fig. 1 shows the 
concentration of fluorescein in the aqueous humour of a normal rabbit, 
anaesthetized with urethane, after an intravenous injection of 1-0 ml. of a 10% 
solution of sodium fluorescein. The dye enters the anterior chamber pre- 
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dominantly from the posterior chamber by the mechanism of bulk flow, but 
in addition, a relatively small amount enters by diffusion from the anterior 
surface of the iris, The mean time for fluorescein to appear immediately in 
front of the lens was 248+ 26 sec (A.M.+8s.z. of mean) in ten normal rabbits 
and 348 + 21 sec in nine rabbits given 50 mg Diamox/kg body wt. 1 hr pre- 
viously ; these appearance times differ significantly (0-01 > P > 0-005). 


Fluorescein conc. (mM x 10-‘) 


30 
Time (min) 
Fig. 1. The concentration of fluorescein in three areas of the aqueous humour. -O —O - represents 
the area immediately in front of the lens; -@—@-— represents the central area and -©—@- 
represents the area lying immediately behind the cornea. 


The following results show that relative distribution of fluorescein in the 
aqueous humour 30 min after injection of the dye. The concentration in the 
central area was taken as unity. — 

Lens Centralarea Corneal area 

Control 1-00 (6) 1-00 0-88 -4.0-06 (6) 

Diamox 1-30 +0-06 (5) 1-00 0-88 +. 0-05 (5) 
At this time the concentration of fluorescein was uniform in the aqueous 
humour of three of the control rabbits. No significant change in the per- 
meability of the iris vessels or the remainder of the blood aqueous barrier was 
observed in treated rabbits. 

These results suggest that Diamox reduces the rate of flow of the aqueous 
humour, but does not affect appreciably the permeability to fluorescein of the 


blood aqueous barrier. 
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The effect of a carbonic anhydrase inhibitor on the pH, bicar- 
bonate, and carbon dioxide concentrations in blood and aqueous 
humour. By Patience M. Ler. Medical Research Council, Ophihalmo- 

logical Research Unit, Institute of Ophthalmology, Judd Street, London, 
W.C.1 

The observation that the carbonic anhydrase inhibitor, 2-acetylamino-1,3,4- 

thiadiazole-5-sulphonamide (Diamox, Lederle), reduces the intraocular pres- 

sure in rabbits (Gloster, 1955), and also increases the appearance time of 
fluorescein (Langham, 1955), prompted this investigation of the underlying 
mechanism of these phenomena. 


35/- 
pH 
+76 
7°4 


10 | 
Normal 20mgD . SOmgD 20mg D 100mg D 
20 min 20 min 2Shr 2Shr 
Fig. 1. The pH, bicarbonate and carbon dioxide concentration of blood and aqueous humour in 
different groups of rabbits. ee Diamox 
(mg/kg). x , pH blood; ©, pH aqueous humour. 


In normal conscious rabbits, the pH, bicarbonate and carbon dioxide con- 
centrations were significantly higher in aqueous humour than blood. The 
absolute values for aqueous humour and blood (aqueous first in each case) 
were—pH 7:8 + 0-018 (12) and 7-67 + 0-011 (12), bicarbonate 30-82 + 1-24 (11) 
and 22-74+0-89 (12) m-mole/kg H,O, and carbon dioxide 0-89.+0-051 (11) 
and 0-68 + 0-025 (12) m-mole/kg H,0. 

Diamox (100 mg/kg, followed hourly by 50 mg/kg) was injected intra- 
venously as a 10% solution of the sodium salt, and after 2-5 hr a new steady 
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_ level of pH and bicarbonate had been reached by both the blood and aqueous 

- humour. The new absolute values for aqueous humour and blood were 
respectively, pH 7-7 +0-014 (11) and 7-6 +0-01 (12), bicarbonate 22-22+0-29 

(11) and 16-35 + 0:46 (12) m-mole/kg H,0, and carbon dioxide 0-82 + 0-028 (10) 

and 0-59 + 0-022 (12) m-mole/kg H,O. The effects of a smaller dose and shorter 

time interval were also determined; the results are given in Fig.1. 

_ These results suggest that Diamox does not alter the carbon dioxide con- 
centration, but significantly reduces the bicarbonate and pH of blood and 


_ aqueous humour. The values for aqueous humour remained statistically 


higher than those for blood, but the excess bicarbonate was reduced from sia 
to 5-87 m-mole/kg H,0. 

possible relation between the of bicarbonate concentration 
and a decreased formation of aqueous humour is being investigated. 
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The inhibition of water transport in the in vitro intestinal prepara - 
tion. By D. H. Smyra and C. B. of Phystology, 
University of Sheffield 
The experiments of Fisher (1954), and of Smyth & Taylor (1954), suggest that 
transport of water by the im vitro intestinal preparation is an active process 
relatively independent of osmotic and hydrostatic forces. In order to study 
this process further the effect on water transport of a number of inhibitors has 
been tested. The preparation used was that of Smyth & Taylor (1954), in which 
there is no outer fluid and where water transport is measured directly by the 
volume appearing on the outer side of the intestine. Krebs’s bicarbonate saline 
containing 500 mg % of glucose was used in all cases as the fluid inside the 
intestine. The inhibitors were added at the time of setting up the preparation 
to the fluid circulating inside the intestine, and the volume of water transported 
compared with the amount in preparations without any inhibitor present. 
Phlorrhizin and monoiodoacetate, both of which inhibit enzymes associated 
with phosphorylating processes, cause 80% inhibition of water transport in 
concentrations of 2°5x10-* and 10-*m respectively. Experiments with 
isolated pieces of intestine in Warburg cups showed that these concentrations 
were insufficient to cause substantial inhibition of the oxygen uptake of the 
intestine. The concentration of phlorrhizin producing the inhibition of water 
transport is much smaller than that which has usually been employed for 
inhibition of glucose transport, but is of the same order as Shapiro (1947) found 
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capable of interfering with some of the oxidative processes in the tissues. 
2-4: Dinitrophenol, which inhibits oxidative phosphorylation, and fluoride also 
inhibited water transport. 

The results suggest that water transport is dependent on metabolic processes 
concerned with phosphorylating mechanisms. Fisher (1954) has previously 
shown that water transport is dependent on the presence of glucose. Whether 
glucose is necessary as a source of energy or whether water movement merely 
accompanies glucose transfer is not clear from these experiments. The 
resemblance between the inhibition of glucose transfer and the inhibition of 
water transfer might suggest the latter explanation. It is still uncertain, how- 
ever, how phlorrhizin and monoiodoacetate inhibit glucose transfer, and in fact, 
they may do so by interfering with the energy releasing mechanisms rather 
than by preventing the formation of the hypothetical phosphorylated 
compound. | 
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Observations on the flow of fluid through the ureter of the dog. 
By V. C. ABRaHAMS and Mary Pickrorp. of Physiology, 
University of Edinburgh 


Observations were made on the anaesthetized dog of the pressure-flow re- 
lationships and the pattern of flow through the ureter perfused in situ with its 
circulation intact, and on the action of physiological and pharmacological 
agents administered intravenously. As has been noted by previous workers 
the outflow from the lower end of the ureter is intermittent. The pattern of 
flow varied with the perfusion pressure. There was no outflow if the perfusion 
pressure was less than 15-20 em water. The pressure in the renal pelvis was 
found to be less than 1 cm water. The outflow pattern was unrelated to the 
direction of perfusion. 5-Hydroxytryptamine decreased flow through the 
ureter contemporaneously with changes in blood pressure, there being no flow 
at the peak of the blood pressure rise unless the perfusion pressure was in- 
creased above its previous level. Adrenaline and noradrenaline reduced flow 
through the ureter, the action of noradrenaline being the more prolonged. 


Vasopressin in doses sufficient to cause antidiuresis was without effect on the 
flow through the ureter. | 


2 
e 
‘ 
ta 
sy 
ag 
; 
2 
4 
3 
A 
a 


SOCIETY, 22-23 APRIL 1955 88 P 


= Some effects of the stimulation of articular nerves. By F. B. 
| Beswick, N. J. BLockey and J. M. Evanson. Department of arnt 
Unwersity of Manchester and Royal Infirmary, Manchester 


_ Clinical studies suggest that there may be reflex inhibition of voluntary move- 

_ ment when a joint has been traumatized, though the patient may not ex- 

perience pain (Blockey, 1954). 

_  Inan attempt to elucidate the neurophysiological basis of this phenomenon, 

excitability changes in motoneurone pools supplying the musculature of the 

cat’s hind limb have been investigated, when articular nerves were stimulated 

electrically. 

| Decerebrate cats with low spinal transection have been used and records 
- taken from the central ends of divided lumbar and sacral ventral roots 

(Beswick & Evanson, 1955). 

Stimulation of such an articular nerve by a single shock evokes a poly- 
synaptic reflex discharge (Gardner, 1950). 

Using monosynaptic testing, the results indicate that a conditioning volley 
in an articular nerve may cause inhibition of the motoneurones of some 
extensor muscles for about 30 msec following the stimulus. A similar con- 
_ ditioning volley may facilitate the motoneurones of some limb flexors for a 
similar length of time. 
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Reflex effects of repetitive stimulation of group I muscle afferent — 
fibres. By F. B. Beswick and J. M. Evanson. Department of Physiology, 
University of Manchester | 


Jefferson & Schlapp (1953) have demonstrated that at stimulation rates below 
20/min there is no depression of a monosynaptic reflex response. Eccles & Rall 
(1951) have shown that recovery from the depression of the monosynaptic 
response following a single homosynaptic afferent volley is complete within 
3 sec. 
- The recovery from the depression following two or more impulses has been 
investigated. The form of the recovery curve appears to depend upon the rate 
and number of the stimuli applied. By alteration of the frequency and/or 
number of conditioning volleys a transition from intensification of the depres- 
sion of the reflex response to its replacement by early potentiation has been 
observed. 

The degree of facilitation of a single testing volley applied simultaneously 
with one of a series of synergic conditioning stimuli, depends upon the 
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frequency of the latter. On the other hand, direct inhibition 1 is not influenced 
when examined by this technique. 
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The in vitro intestinal absorption of glucose. By H. Newry 
The occurrence of acylase in the intestinal mucosa. By B.C. WHALER 


Some haemex effects. By K. J. Franxuiy, 0. Topp and M, Wise 


Excretion of electrolytes during a water diuresis. By 8. Tuomas 
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Accommodation, ciliary muscle power in 
(man), 104 
Acetylcholine, heart affected by (H-L), 277 
hepatic vessels affected by (dog), 425 
intracellular injection in muscle cell of 
(frog), 169 
membrane potential, spike dischargé and 
tension of taenia coli affected by 
(guinea-pig), 210 
removal by diffusion of, 222 
Acetylcholine receptors, localization in 
skeletal muscle of (frog), 157 
Adaptation, hypothermia and reanimation 
showing (rat), 549 
Adrenal cortex, hexoestrol action on corti- 
costerone secretion by (rat), 7P 
Adrenalectomy, blood vasoconstrictor ac- 
tivity after haemorrhage affected by 
(rabbit), 531 
» hepatic vessels affected by 
(dog), 417 
insulin-induced hypoglycaemic 
affected by secretion of (man), 72P 
‘renal venous blood containing (rabbit), 
517 
skeletal muscles affected differently by 
(cat), 14P 
skeletal nerve le preparati 
by (rat), 619 
water diuresis affected by (dog), 125 
Adrenslins intravenously, arterial blood 
adrenaline following (rabbit), 520 
Adrenaline ionophoresis, skin circulation 
affected by (man), 259 
Age, accommodation with 
affected by (man), 107 
Amniotic fluid, pregnancy duration effect 
on volume of (rat), 231 
Anaesthesia, central response to extra- 
ocular muscle stretch affected by (cat), 
183 
Anaesthetics, baroreceptor activity affected 
by (cat), 6P 
Anaphylactic shock, hydroxytryptamine 
shock and (guinea-pig), 438 
Anticholinesterase, auricular fibrillation 
caused by electrical stimulation and 
(H-L), 4P 
Antigen, platelet release of histamine and 
serotonin in antibody reaction with 
(rabbit), 9 
Aortic bodies, study of (cat), 76P 


affected 


Aortic nerve, pressor and depressor effects 
. on stimulation of (cat), 10P 
Apparatus, Cossor camera modifications, 
2P 


Frog heart lever, 32P 
Intestinal absorption in vivo (rat), 67P 
Roller pump for long-continued con- 
tinuous infusions, 29P 
Tr r tion oscillator stimulator, 
27P 
Aqueous humour, ascorbic acid transfer 
effect on lactic acid concentration of 
(rabbit), 5P 
carbonic anhydrase inhibitor effect on 
circulation of (rabbit), 78P 
carotid occlusion and preganglionic cer- 
vical sympathotomy effect on composi- 
tion of (rabbit), 42P 
Arterial flow, velocity profiles of oscillating 
(dog), 629 
Arterial oxygen saturation, birth and 
ensuing hours effect on (sheep), 367 
ductus arteriosus occlusion after birth 
effect on (sheep), 369 
Arterial pressure, ductus arteriosus oc- 
clusion in newborn effect on (sheep), 


hypothermia and reanimation effects on 


muscle and skin (man), 270 
Artery, velocity profiles of flow in (dog), 631 
Articular nerves, — of stimulation of 
(cat), 83P 
ATP, plain muscle tension and work with 
changes in (guinea-pig), 38P 
Atropine, colon response to pelvic and 
sympathetic nerve stimulation affected 
by (rabbit), 568 
correlation between block and esterase for 
(rabbit), 71P 
membrane potential, spike discharge and 
tension of taenia coli affected by 
(guinea-pig), 209 
Auricle, low temperature effect on isolated 
(rabbit), 4P 
Auricle stimulation, acetylcholine effect 
on results of (H-L), 280 
Auricular fibrillation, acetylcholine and 
auricle stimulation causing (H-L), 283 
electrical stimulation with anticholin- 
esterase producing (H-L), 4P 
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Auriculo-ventricular block, acetylcholine | 


production of (H-L), 280 
Autot lanted kidney, emotional anti- 


diuresis i in (dog), 122 
Azide, “sodium efflux from axon affected by 


(Sepia), 37 


Bainbridge reflex, conditions 
for elicitation of (dog), 310 
Baroreceptor reflexes, isolated carotid 
sinus and method for eliciting (dog), 
33P 
Baroreceptors, anaesthetic action on 
sensitivity of (cat), 6P 
Bearing-down, factors concerned in (hen), 
249 


Bladder, tension receptors in (cat), 601 
Bleak, visual pigments in, 131 
Blood adrenaline, exercise effect on canta 
50P 
Blood/aqueous humour, carbonic iach: 
inhibitor effect on bicar- 
bonate and CO, in (rabbit), 80P 
Blood, vasoconstrictor activity of (rabbit), 
511 
_ Body temperature, blood vasoconstrictor 
activity affected by (rabbit), 526 
hypothermia and reanimation effects on 
(rat), 454 
Botulinum toxin, vasodilatation with 
: activity of salivary gland affected by 
(cat), 237 
Brain, spinal reflexes affected by action of 
on. (frog), 320 
Breeding, reanimation after hypothermia 
effect on (rat), 464 


Caffeine, reflexes in spinal animal affected 
by (frog), 326 
spinal reflexes affected by action on brain 
Calcium, adrenaline action on skeletal 
nerve-muscle affected by (rat), 619 
giant: axon permeability to (Loligo), 41P 
giant axon sodium permeability affected 
by (squid), 40P 
local muscle shortening by intracellularly 
applied, 12P 
staircase phenomenon of ventricle and 
action of (frog), 55P 
or, 
Carbonic anhydrase inhibitor, aqueous 
humour circulation affected by (rabbit), 


78P 

blood/ ash ur distribution of pH, 
bicarbonate and CO, affected by 
(rabbit),80P 


Carbonic anhydrase inhibitor, intra- 
ocular pressure affected by (rabbit), 


by, 56P 

Cardiac murmur, patent ductus arteriosus 
in newborn causing (sheep), 344 

Cerebrospinal fluid, movement over 
hemispheres of (dog), 51P 

Chloride, nerve and desheathed nerve con- 
taining (cat), 476 

Chorda stimulation, vasodilator wad. 
stance produced by (cat), 243 

Ciliary muscle, accommodation with con- 
vergence and force of (man), 104 

Cineangiography, ductus arteriosus 
patency in newborn studied by (sheep), 
362 

Climbing, oxygen. consumption, energy 
expenditure and efficiency at low 

. ltitudes with loads of (man), 294 

C nerve fibres, effect of activity of (cat), 9P 

Collagen, growth of foetus, placenta and 
foetal membranes with increase of (rat), 
225 


post-partum involution of uterus — 
(rat), 50P 


affecting (rabbit) 


Cornea, water and sodium movement 
affected by aerobic metabolism of 
(rabbit), 43P 

Coronary flow, coronary sinus fraction of 
(dog), 19P 

Corticosterone, hexoestrol action on sec- 
retion by adrenal cortex of (rat), 7P 

Cossor camera, modifications of, 2P 

Curare, adrenaline action on skeletal 
nerve-muscle affected by (rat), 621 

Cyanide, *‘sodium efflux from axon affected 
by (Sepia), 37 


Decerebration, central response to extra- 
ocular muscle stretch affected by (cat), 
188 

Denervation, temperature effect on rate of 
flow in perfused isolated ear after 
(rabbit), 613 

Depolarization, potassium fluxes in axon 
affected by (Sepia), 72 

Dietary intake, energy expenditure com- 
parison with (man), 19P 

Dinitrophenol, “*potassium fluxes in giant 
axon affected by (Sepia), 66 

“sodium efflux from axon affected ~ 
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Ductus arteriosus, cardiac murmur in 
newborn from patent (sheep), 344 

. duration of patency in newborn of (sheep), 

Ductus arteriosus occlusion, arterial 
oxygen saturation after birth affected 
by (sheep), 369 

um, vagal control of gastric secre- 

tion inhibition by acid in (dog), 39P 

Dyes, cornea hydration affected by (rabbit) 
506 


Ear vessels, temperature effect on rate of 
flow in (rabbit), 610 

Egg albumin, hydroxytry shock 
and anaphylactic shock caused by 
(guinea-pig), 438 

Egg-laying, stimulus to reflex 
250 


(hen), 


Electrolyte excretion, 22 hr day effect on 
(man), 44P 
Emotion, antidiuresis in autotransplanted 
kidney induced by (dog), 122 
blood vasoconstrictor activity affected by 
(rabbit), 521 
Energy expenditure, climbing with loads 
at low altitude effect. on (man), 300 
. patterns in young men of daily, 18P _ 
Erythrocytes, cardiac glycosides action on, 
56P 
*Rb, *P and *'Cr as labels for, 61P 
Eserine, accommodation with convergence 
affected by (man), 109 
Exercise, blood adrenaline and noradrena- 
line affected by (horse), 50P 
Extracellular space, nerve 
(eat), 478 
Extraocular muscles, responses in brain 
stem to stretch of (cat), 182 7 
Eye convergence, ciliary muscle power in 
accommodation of (man), 104 


Fatty acids, '*C estimation in degradation 
of, 63.P 

Fifth nerve nucleus, extraocular muscle 
stretch effect on (cat), 184 .- 

Finger. muscles, fatigue in (man), 33P 

Finger pressure, muscle and tendon re- 
ceptors in control of (man), 55P 

Foetal membranes, collagen increase with 
growth of (rat), 228 

Foetus, collagen increase with growth of 
(rat), 225 

Venous pressures in (sheep), 385 

Foramen ovale, closure in newborn of 
(sheep ), 384 

Forearm blood flow, skin poe muscle 
components of (man), 258 | 
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r 1g, suspended animation during (rat), 
554 


Gastric afferent fibres, activity of (goat), 
594 
Gastric contraction, afferent discharge 
during (goat and cat), 595 
Gastric potentials, measurement of (dog), 
26P 
Gastric secretion, method for continuous 
recording of acid (rat),35P 
vagal control of duodenum acid inhibition 
Giant axon, calcium effect on sodium per- 
meability of (squid) 40P 
calcium permeability of (Loligo),41P _ 
**potassium influx and efflux from (Sepia), 
61 
*4 sodium efflux from (Sepia), 28 
Glutamic acid oxidase, liver containing 
(cephalopods), 7P 
Glycolysis, cornea hydration affected by 
_ inhibitors of (rabbit), 505 
Growth, reanimation after hypothermia 
effect on (rat), 462 


Haemoglobin, nitric oxide reactions with 
(sheep), 69P 
oxygen and carbon monoxide reactions 
with (lamprey), 70P 
Haemolysis, hydroxytryptamine effect on 
_ hypotonic solution, 23P 
Haemorrhage, blood vasoconstrictor ac- 
tivity affected by (rabbit), 525 
Hand blood flow, humid heat repeated ex- 
posure effect on (man), 57P 
Hand heat loss, subatmospheric pressure 
effect on (man), 58P 
Heart, acetylcholine action on (H-L), 
S77 
Heart beat, reanimation after hypothermia 
effect on (rat), 457 
Heart lever, simple and sensitive (frog), 
32P 


Heart rate, intravenous infusions effect on 
(dog )s 310 

Heat, thyroid and salivary gland activity 
affected by exposure to (mouse), 49P 

Hepatectomy (partial), reticulo-endo- 
oe system activity affected by (rat), 


net artery, adrenaline, acetylcholine 
ete. action on (dog), 417 

Hepatic vein, adrenaline, acetylcholine etc. 
action on (dog), 417 | 

Hexamethonium, colon response to pelvic 
and sympathetic nerve 
affected by (rabbit), 568 
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Hexamethonium, membrane potential, 
spike discharge and tension of taenia 
coli affected by (guinea-pig), 208 

Hexoestrol, corticosterone secretion by 
adrenal cortex affected by (rat), 7P 

Histamine, hepatic vessels affected by 
(dog), 429 

membrane potential, spike discharge and 
tension of taenia coli affected by 
(guinea-pig), 203 
platelet release in antigen-antibody re- 

action of (rabbit), 9 

Humid heat, hand and forearm circulation 
with repeated daily exposures to (man), 
57P 

Hydroxytryptamine aerosol, shock in- 
duced by (guinea-pig) 435 

Hydroxytryptamine, platelet release in 
antigen-antibody reaction of (rabbit), 
9 

Hypothalamus, ovulation and adrenaline 
injections into (rabbit), 13P 

Hypothermia, liver affected by occlusion 
of venae cavae and (dog), 45P 


microwave diathermy reanimation after | 


(rat), 541 

reanimation from (rat), 446 

reanimation success affected by duration 
of (rat), 548 


Ileum, pressure effect on contraction of 
3 longitudinal muscle of (guinea-pig), 
8P 
SRS-A effect on (cavy), 1P 
Infusion, roller pump for long-continued 
continuous, 29P 


Insulin-induced hypoglycaemia, adrena-. 


line secretion relation to symptoms of 
(man), 72P 

Insulin, oestrone and progesterone inter- 
action on isolated uterus with (rat), 
113 

Intestinal absorption, apparatus for 
study im vivo of (rat), 67P 

Intestine, water-transport inhibition in 
in vitro preparation of, 81P 

Intracellular electrodes, technique for 
introduction of (rat), 26P 

Intraocular pressure, carbonic anh 
inhibitor action on (rabbit), 77P 

Intravenous infusions, heart rate affected 
by (dog), 310 


Jejunum, lipid EE in fasting of 
secretion of (dog), 73P 

Kidney, emotional antidiuresis in auto- 
transplanted (dog), 122 
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Lamprey oxygen and 
carbon monoxide reactions with, 70P 

Latent period, colon response to pelvic and 
sympathetic nerve stimulation show- 
ing (rabbit), 565 

Lipid, jejunum secretion in fasting con- 
taining (dog), 73P 

Liver, adrenaline, acetylcholine etc. action 
on blood vessels of (dog), 413 

acid oxidase in 


nopeiiadlina and occlusion of venae 
cavae effect on (dog), 45P 


Mandibular incisors, eruption rate of 
(rabbit), 74.P 

Medulla oblongata, rumination associated 
with centres in (sheep), 577 

Membrane conductance, potassium fluxes 
in axon and (Sepia), 79 

Membrane potential, acetylcholine con- — 
centration effect on motor end-plate 
(frog), 165 

potassium concentration effect on axon 

(Sepia), 66 

Membrane resistance, acetylcholine ac- 
tion on (frog), 399 

Micropipette, electric control of fluid 
ejection from, 158 


Microwave diathermy, reanimation after 


hypothermia by (rat), 541 

Midbrain, response to stretch of extra- 
ocular muscles in (cat), 183 

Miniature end-plate potentials, de- 
polarized muscle showing (frog), 403 

isolated muscle showing (cat), 30P 

Monosynaptic response, post-tetanic 
potentiation of (cat), 90 } 

Motoneurones, heterosynaptic activation 
during post-tetanic of 
(cat), 89 

Motor end-plate, acetylcholine action on 
depolarized (frog), 398 


Nerve axon, potassium of 
(Sepia), 61 
sodium active transport in (Sepia), 28 
sodium and potassium distribution in 
(cat), 473 
*4 sodium exchange rate in (cat), 489 
* sodium efflux from (Sepia), 28 
sodium movement in activity and re- 
covery differentiated in (Sepia), 55 
Nerve desheathed, sodium and potassium 
content of (cat), 476 
“sodium exchange rate in (cat), 492 
“ae change in Tyrode solution of (cat), 
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Nerve-muscle junction, local activity at 
depolarized (frog), 396 
Newborn, cardiac murmur from patent 
ductus arteriosus in (sheep), 344 
ductus arteriosus patency in (sheep), 361 
foramen ovale closure in (sheep), 384 
venous pressures in (sheep), 392 
Nitric oxide, haemoglobin reactions with 
Noradrenaline, hepatic vessels affected 
by (dog), 424 


Obex, reticulo-ruminal response to stimu- 
lation in region of (sheep), 581 
Oedema, temperature effect on rate of 
formation in perfused isolated ear of 
(rabbit), 611 
Oesophagus, medulla ee stimula- 
tion effect on (sheep), 584 
Oestrone, insulin and progesterone inter- 
action on isolated uterus with (rat), 
113 
Oestrous cycle, reanimation after hypo- 
thermia effect on (rat), 463 
Olfactory organ, potential oscillations in 
(rabbit), 21P 
Ovulation, hypothalamus injections effect 
on (rabbit), 18P 
Oxygen consumption, climbing at low 
altitudes effect on (man), 299 
measurement in vivo of skeletal muscle 
(man), 268 . 
reanimation after hypothernia effect on 
(rat), 458 
Oxygen extraction, climbing with fads 
at low altitude effect on (man), 301 


Parasympathetic nerve stimulation, 
colon response to (rabbit), 561 
Pelvic afferent nerves, bladder contrac- 
tion effect on discharges in (cat), 602 
Pelvic nerve, colon response to stimulation 
of (rabbit), 561 
Placenta, collagen increase with growth of 
(rat), 228... 
Plain muscle, ATP changes with tension 
and work of (guinea-pig), 38 P 
membrane potential, spike discharge and 
tension in (guinea-pig), 200 
Plasma, vasoconstrictor activity of (rabbit), 
519 
Platelets, histamine release in antigen- 
antibody reactions from (rabbit), 9 
serotonin release in antigen-antibody 
reactions from (rabbit), 9 
Polarization, membrane potential, spike 
_. discharge and tension of taenia coli 
affected by (guinea-pig), 212 
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Portal blood flow, reticulo-endothelial 
system activity affected by (rat), 1 
Portal vein, adrenaline, acetylcholine etc. 
action on (dog), 417 
Post-tetanic potentiation, heterosynaptic 
activation of motoneurones during 
(cat), 89 
Potassium, curarized nerve-muscle affected 
by (rat), 623 
distribution in nerve of (cat), 473 
excretion after ingestion of (man), 47P 
“Potassium, dinitrophenol effect on in- 
flux in axon of (Sepia), 40 
influx. and. ¢éfflux from giant axon of 
(Sepia), 61 
rubidium distribution comparison with 
that of (rabbit), 71P 
*sodium separation in biological fluids 
from, 68P 
Preganglionic cervical sympathectomy, 
aqueous humour lactic acid concentra- 
tion with ascorbic acid transfer affected 
by (rabbit), 5P 
Progesterone, insulin and oestrone inter- 
action on isolated uterus with (rat), 113 
Prostigmine, acetylcholine effect on motor 
end-plate affected by (frog), 168 
Pulmonary arterial flow, ductus arteriosus 
occlusion in newborn effect on (sheep), 
371 
Pulmonary ventilation, climbing with 
loads at low altitude effect on (man), 301 
index of energy expenditure during field 
surveys by (man), 46P 


Quinine, skeletal muscle affected by (cat), 
17P 
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Rabbit ear vessels, vaso 
of blood and plasma test on, 512 

Renal venous blood, vasoconstrictor ac- 
tivity of (rabbit), 517 

Respiration, reanimation after hypother- 
mia effect on (rat), 457 

Respiratory quotient, climbing at low 
altitudes with loads effect on (man), 299 

Reticular formation, extraocular muscle 
stretch effect on (cat), 190 

rumination control by (sheep), 588 

Reticulo-endothelial system, portal 
blood flow effect on activity of (rat), 1 | 

Reticulo-rumen, medulla oblongata 


stimulation effect on (sheep), 579 
Retina, visual pigments in (bleak), 131 
Reynolds number, arterial flow and (dog), 

629 
Rhythmic processes, visual aid for de- 

monstration of, 66P 
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Roller pump, long-continued conti in 
fusion by, 29P 

Rubidium, “potassium distribution in 
body comparison with that of (rabbit) 
71P 

Rumen epithelium, sodium ion movement 

Rumen, histology of epithelium of (sheep), 
25P 


associated with (sheep), 577 


Salivary gland, heat exposure effect on 

activity of (mouse), 49P 
vasodilator substance produced during 

activity of (cat), 243 

Saltatory nerve conduction, “sodium 
exchange rate and (cat), 499 

Semen, scrotal insulation effect on (ram), 
22P 

Serum protein-bound iodine, deter- 

mination of, 61P 

Skeletal muscle, acetylcholine receptors 
localization i in (frog), 157 


afferent fibres reflex effects of repetitive 
stimulation of, 83P 
-autogenetic inhibitory impulses from 
(man), 20P 
calcium intracellularly applied effect on, 
12P 
miniature end-plate potentials in isolated 
(cat), 30P 
oxygen a measurement in vivo 
of (man), 268 
potassium sulphate action on excitability 
quinine action on (cat), 17P 
Skeletal muscle blood flow, forearm 
blood flow relation to (man), 263 
Skeletal nerve-muscle, adrenaline action 
on (rat), 619 
Skin-blood flow, forearm blood flow re- 
lation to (man), 263 
Skin, warmth spots in (man), 337 
Sodium, calcium effect on giant axon per- 
meability to (squid), 40P 
cornea aerobic metabolism and movement 
of (rabbit), 43P 
distribution in nerve of (cat), 473 
rumen epithelium penetration by (sheep), 
39P 
“Sodium, dinitriphenol effect on efflux 
from axon of (Sepia), 34 
nerve exchange rate of (cat), 489 
“potassium separation in biological fluids 
from, 68P 
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“Sodium space, volume in body of (cat), 
495 
Soleus, tibialis anterior response to adrena- 
line comparison with (cat), 14P 
Spinal animal, caffeine effect on reflexes 
in (frog), 326 
Spinal cord transection, oviposition 
affected by (hen), 254 
Spinal reflexes, caffeine action on brain 
affecting (frog), 320 
caffeine effect in spinal sinha on (frog), 
326 
Spirometer, possible source of error in 
improved, 47P 
SRS-A, ileum response to (cavy), 1P— 
Staircase phenomenon, calcium action 
on ventricle and (frog), 55P 
Stimulator, transistor relaxation oscillator 
as, 27P 
Stomach, tension receptors in (goat), 593 
Stretch, membrane potential, spike dis- 
charge and tension of taenia coli 
affected by (guinea-pig), 204 
Struggle, blood vasoconstrictor activity 
affected by (rabbit), 523 
Strychnine, visual cortex specific responses 
and spikes of (cat), 54P | 
Subarachnoid space, rate of di 
of substances injected into rabbit), 
52P 
Subatmospheric pressure, heat eliznina- 
tion from hand during local exposure to 
(man), 58P 
Submandibular salivary gland, func- 
tional hyperaemia in, 11P 
vasodilatation with activity cause of (cat), 
235 
Supercooling, suspended animation by 
(rat), 554 
Superior cervical ganglion, polarization 
changes produced by drugs in (rat), 
Sympathetic ganglion, intracellular 
_ tials recording from (rat), 29P 
Sympathetic nerve stimulation, colon 
response to (rabbit), 561 : 


| Taenia coli, membrane potential, spike dis- 


charge and tension in (guinea-pig), 200 
tension, work and ATP changes 
(guinea-pig), 38P 
Teeth, eruption rate of (rabbit), 74P 
Temperature, rate of flow in 
isolated ear affected by (rabbit), 610 
“sodium efflux from axon affected by 
(Sepia), 42 
Thrill, patent ductus arteriosus in newborn 
causing (sheep), 350 
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(cat), 14P 
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Thyroid gland, heat exposure effect on 
activity of (mouse), 49P 

Tissue chloride, method of estimation of, 
65P 


Umbilical cord, foetal venous pressures 
_ affected by occlusion of (sheep), 387 
Ureter, fluid flow through (dog), 82P 
Uterus, hormones action on collagen of 
(mouse), 16P 
insulin, oestrone and progesterone in- 
teraction on isolated (rat), 113 
-partum involution effect on collagen 
of (rat), 50P 


Vagina, oviposition affected by anaesthe- 
tization of (hen), 253 

Vagus, duodenal acid inhibition of gastric 
secretion dependence on (dog), 39P 

medulla stimulation effect on rumen 

mediated by (sheep), 584 

Vasodilator substance, chorda stimula- 
tion liberation of stable (cat), 243 

Veins, activity of lateral tail (monkey), 
36P 


Velocity profiles, pulsatile arterial flow 
and (dog), 632 

Ventricle, staircase phenomenon and cal- 
cium action on (frog), 55P 

Viscous drag, pulsatile arterial flow and 
(dog), 634 

Visual cortex, strychnine spikes and 
specific responses in (cat), 54P 

Visual pigment 510, retina containing 
(bleak), 141 


_ Visual pigment 533, retina containing 


(bleak), 145 

Visual pigment 550, retina containing 
(bleak), 151 

Visual pigments, retina containing (bleak) 
131 

Visual purple, mechanism of extractants 
of, 53P 


Warmth sensation, radiation showing 
variability of threshold of (man), 333 
Water transport, inhibition in im vitro 
preparation of, 81P 
White cell count, hypothermia effect on 
(rat), 452 
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